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Foreword

.1 vm~ponaur. on Winds for Aerospace Vehicle Design was held oL 27- !8

September 1961 at L, ,nce G. H-anscom Field, Bedford, Masevchusetta.
Cosponsore were the Geophysics i.,z-qrch Directorate, Air Force Cakmbridge

Research Laboratories, Office of Aerospace Restarch: and the- E~pt ir
Technaloky, Aeronautical Systems Division, Air Force Systems Coromand. .

kAl papers stressed application of wind information to de~Lgn problem ..

The audience was composed primarily of Air Force designers and contractorp
sent by the majer design groups to he-ar and discuss thes-2 papers,

A review of hund reds of geophysical consultations with Air Force

engineering interests shows that Vic- behavior of atmospheric winds receiVEs9

more consideration in aerospace vehicle design than any othe r geophysical

element. Interactions on the aerospace vehicle due to depar~ures of the w.nd
from normal can rcstult Ln aborte d wissions; the'y sometimes prove disastrous.

In the Symnposium, five gen~eral design problem areas were discuti-sei:

I. Launch pad stand-by and launch problems;

2. Boo0st wind prof I' prc*,!omrs;

3. Staging altitude wlnnd profile prob!lems;

4, C ruise altitude w~nd field problem1s;

5. Rcentrv and bhallistic wind nroblems,.

Discussions or, thec-e problems %,,rc oriented toward:

1. Descriptive inater ial of the xind in forms applicable to design

inivestigatio)ns:

2. Predictability of the winds (persistence, friendly are a, silent area)

in forms applicable to design coneict ration;

3, Measuraiflity of the w.inds (surface, halloonr-', rockets);

4. liesults of engineerinig stud~es of interactions of the wind with vehicles.

Ths5 nposiom had two purposes:

1. To bring the latest scientitic information en w ind behavior bpefore

the oknglv designers anu, through dieFcussions among the

various dr-signor teamns, to develop batter underotarndbIg of the ap-

plication and utilization of this information;

2. 'lo provide research geopb'. Cicists with a better understanding of

current and fu:7rc design pro -biens so th at these scient:sts can orient
their experimental and theoretical work tow;ard necessar% tension
of knoo~ldge of thb -xind1 field.
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Keynote Addres
9e

BRIGADIER GENERAL B. G. H-OLZMAN, COMMANDER
1.7 J

'FORCE CAMERID)GE RESEARCH LABORATO.RIES

Thirty years ago the most inmportanit concern that people had w.
mcteorolugv was whetther or itot it was going to rain, People wanted to

tknow, if they sh oullb srheriu)e a picnic, haiig oit the wash, or plant corn.

Weather forecasting its-lif was a rather primitivo art.

We are a-! familiar with the great accumulation of meteorological

information we have gained since then. Most of this research progress

has been mnade since World War II. Almost all of the papers presented

at this conferenc e are in research areas that would have been of little

i.ittertc!t onie or two decades ago. We have example . of the g, cat --. prove -

ments in the meteorological sciences that have come about only within the

past five ji six vt ars. In 1954 H-urricanc Cet-n.l struck the New England

area witl very liltle advance warning to people of New England. Manly

liv:es vere lost that might otherwi'.e hav-t -.. saved, By contract,
lluri'ica.. Car "ihic h struck the Galveston area wsone for which those

living in ti", ulf Coast i egion were comply clv prepared. it has been

estimated thl. c, thousand lives wore Saved as a result of the excellent job
doroe rf we atr -orecasting and in informing the 'people of the progress of

this hu, icane.

,Ve all knwteattcntien given to x.i -s before an atomic test or a

s atellite launching. Detonations have been delayed sometimes for days and

at other times postponed altogether because the wind conditions on a given

day were niot satibfaetnr . As an Air Force meteorclogist, I participated

in many of 'he tests in the Pacific, We discovered that when deta-iei

mcaaujrt inenis of !he w.inds aloft wvere made, at hourly intervals, great
variations in %,tnd spefds Acrc noted. Ac _u ute vicwi intormation was most

2ssentiai in calculating the differentiAl ballistic wind for the precision
required in placi'-g the atomic weapon over the target Zero. I have always

been disturbed b,, our lack of adequate A-'nA informnation. The conventional

onovelocit\ and cirection mneasurement made near the ground has verv
little nmeanit,,, w.thout, a gradient relationship.



Many years ago, I was involved in making measurements of the evapora-

tion from land and water surfaces. In order to do this, it was essential

to be able to calculate an exchange or transfer coefficient. Thi coefficient,

frequency called the "Austausch", can be calculated by wind shear

measurements, but it is necessary to have the shears known in detail

along with the Lenperiture :tabiLity relationships. I think that meteoro-

logists can well look to improving the meteorological reporting network by

incorporating gradient and detailed wind shear measurements.

We in AFCRL have had a part in many conferences devoted to research

on wind and wind patterns. This is the first conference, however, that has

been specifically devoted to problems of vehicle design from the standpoint

of winds. At e-ich layer of the atmosphere you have problems of turbulence

and your vehicic must be built with the full knowledge of the wind structure

at various altitudes within .he atmosphere.
At AFCRL not only do we have the responsibility for carrying out

research for the Air Force on wind and wind patterns, but we have the

responsibility to disseminate our research results as widely as possible to

all those who might be '.iterested and who could make use of the work we

are doing. It is this latter consideration that has caused us to sponsor
this conference on winds for vehicle design. As you may know, we have

only indirect interest in vehicle design as su. '. These are the problems

of our sister organization, the Air Force Systenr. - , : 1,., which must

be made aware of the special problems that unprcdictable wind pa*t ern s

might bring to bear on their missile and manned aircra-1t. The res(,ch

information that we accumrnulate in these areas is made available to the
Air Force Systems Command so that they might apply these to their ad-

vanced ideas in weapon systems design.

Judging from the very fine program that your Chairmen, Mr.

Sissenwine and Mr. Kasten, have organized, I believe you have an extremely

interesting and worthwhile conference. ! hope that as a result of this

conference those of you not associated with AFCRL will find that you have

obtained a broader knowledge of our research pr' gram and that from this

coniercnce You will achieve . closer and more profitable work relationship

with our scientists,



57 Review of USW Wind Requirements and Related Docume~nts for Aerospace
System Design

I H. G. KASTEN

C. J. SCHMID, JR.

AE RONAUL PICA L SYSTEIMS IVISION

AIR FORCE SYSTFEMS COMMAND

ABSTRACT

This paper furnishes information that wvill be usofut to engineers and techr' -cal personnel working in the genera, field of aerospace system design and
provides research geophysicists with a better understanding of thc experi-
mental and theoretical woi;- reqtuired to extend knowledge of the wind field.
The information contained in this- documont is concerned with general design
data to be used only for preliminary or comparative analysis of specifica-
tions or related documents to be chccked for a finial, detailed hardwate
design Investigation. It is not the intent of this paper to replace L'SAr:
specifications and/or relateW~ocumnents by t~he tex(t. Rather, th~is is Enl
ex-panded review uf these documents intended to present a thumnbria , nketwh
of t'he literatu-2. It should also be noted that this L-erature surVey is by
no means compleo.,

Li ThNTS

."ost sincere thanks are tettdered to our colleagues at ASD nH -Ise -

v:;herc -,, the field of Aerospace Sy. s for tlv suggestions and comments.

Particular appreciation is due Lawrcnce TM' - and John O'Connor for

their efforts in gathering ard uuondensin,.: nuc.. toe information in ttto tvo

chartE and to.Nro. Patricia .7. Conner for her d!'igcnl t)Tpig uf the final

n anukiciip!. Finaivy, th- opinions or asserttor con'aired hPerr are pre -

5aentc Only for the exchange and stimulation of ideas and are not to be

construcd as official or teflecting the views of any, Government agency or

d eparit :et t
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INTRODUCTION

4With the advent of large ballistic guided missiles and aerospace-

vehicle booster combinations, a great deal of effort must be devoted to

the problem of designing weapor qystem equipment to withstand the at-

SL:o.naert, wir.' phenomena, Winds are one of the greatest variables in

any type of flight and are often responsible for the critical design conditlo.

of vertically rising vehicles. It is ne -ssar' to consider t-he vertical and

horizontal structure t the '.ind in detail. These design ps amters are

not easily predictable, however, so a sharp definition of wind phenomena

effects on structural loads, vehicle motions, guidance requirements, and

so on, -annot be forrmulated.

The phenomena has Lhree principal characteristics: the steady wind

velocity profile, the wind shears occurring in the neighborhood of jet

streams, and the gust action that can take place at any time or altitude.

A further problem t,: the possibility that combinations of these discrete

phenomena might act simultaneously.

The literature on the wind problem is extensive but does not provide

the vehicle designer with all the necessary requirements and data for

optnmum design. This paper will provide at least a partial survey of

applicable documents, including specifications and specialized notcs

reporting the vind phenomena.

Although the data on the discrete elements of the wind phenomena are

voluminous, information on simultaneous action of thr .Arnd elements is

noticeably lackng. This combination data is just not available. It is

hoped that the need for this knowledgc wil be satisfied in future years.

USAF WIND REQUIREMENTS

Current USAF wind requirements are in the form of military specifica-

tions, bulletins, standards and handbooks. Chart I summarizes these

documents. A detailed review of these documents will show that the data

available c not reflect the requirements. It is inherently difficult to inject

new dta into specificatic.,a on aho;'t notice. Therefore, as an interim

prnarP'iure, information from Air Force Cambridge Research Laboratories'

Reports has been applied directly to many hardware contracts as the

design requirement.

Current ph'iosopny on design of vertically rising vehicles is to use

primarily a statistics: 'oad survey for fna' design. This involves the study

and calculation of traJect ory parameters, including vehicle loadq, obtained

by flYina' through a sample of soundings on a digital computer.

A:



*. The basic inability of discrete profiles to predict the one-percent peak

load oirectly indicates that they are inadequate for final design purposes.

For preliminary design analysis, however, which need not be especially
accurate and which must very likely be made several times because of Y

modifications in the vehiclu, a quicker, tk0ugh less accurate, method is

needed. Properly designed and tested discrete profiles can fulfill this

need and provide sufficiently accurate answers for preliminary design in a

relatively short time.
Design requirements for combined wind, wind shear and gust loads are

::ot currently available. Due to limitations in past measuring systems?

(which gathered the buLk of applicable wind data) the high frequency gust
components were filtered out by the measuring systcm. Fo. prelizninary

design an interim proceiure can be used that combines the loads obtained

from wind and wiO., shea' studies with those obtained from gust studics

employing a correlation coefficient of 1. 0 to obtain the one -percent peak

load due to combined winds, wind shear and gust loads. In this interim

procedure it is assumed that the inicrease in load due to the gust effect is
smell compared with the design load contribution of the wind and shear

analysis.

Hopefully the necessary measuring sye!emn and analysis tools to bet'er
define the wind phenomena will be available iii the ne, :uturc. Simul-
taneously, the development of a brief tut sharply defined wind phenomena

criterion for application to aerospace system design studies would fulfill

the major needs of vehicle designers concerned with the contribufion of the
total wind phenomena.

RELATED T- CUMENTATION

At prcsent, the most important source of up-to-date information on the
wind problem is in papers and reporto. Chart 2 tabulates some of these
documents. Since much of this data has bee collected by Air Force

Cambridge Research Laboratories, many of the ieports are G}D literatue,

An examination of the chart will show that data for simultaneous com-

binntions of the discrete phenomena is conspicuously absent. Th- non-
existence of such information is due to the amount of time and cost required

to gather it, Since design.i e trust know the combined effects of winds,

shears, and gusts on a structure or control system in order to progress in
optimization studies on larger and rnore expensive weapon systems, instru-

mentalion and techniques for determining realistic combination conditions

a;v 1'ecoming mandatory.



CONCLUSIONS

Whether by intent or by accident, a philosophy of design criteria has

been generated for the wind phenomena, As pointed out in the requirements

and related documents discussions, the philosophy has been to include in

hardware specifications data that is reported in related scientific literature,

These data are not always entirely applicable to th2 specific equipment

being designed.

This process of developing requirements is at best unsatisfactory.

Much of :he data is undoubtedly reliable, but the degree of accuracy may

not be known. Difficulties arise when data is copied over and over again

without any explanation or limitations placed upon it. Eventually some

designer might accept the data as true instead of with the reservations and

limitations the author intended.

The quality of design requirements is dependent on the knowledge of

the originators. Great deficiencies can take place in icquirements and

thus provide the USAF with vehicles that are unnecessarily under- or

over-designed, In either case the total system may be penalized--either

by a catastrophic failure ot through performance penalities due to excessive

weight. A brief but sharply defined wind phenomena criterion appLicable tn,

aerospace systtm design studies is rcqizred,

FUTURE ACTIONS

I. Collect and evaluate available data on the total v.'ind phenomena

aspec t.

2, Revise and improve USAF aerospace system specifications to re-

11cct the newest reliable wind data based on required level of safety and an

aecptaL'le probability of failure.

3. Conduct applied researci to determine system response to %ind

phenomena as related to criteria selection,

4. Coordinate with other government and industry organizations un

realistic requ-rements i'or aerospace systems.

Initiate a program to ascertain the kinds of realistic conditions

that will combine stady winds, shears and gusts,

6. Plan and implement a study to establish probabilities for all aspects

of the wind phenomena at specific global locations,

7. Develop a brief hut sharply defined wind phenomena criterion for

application to aerospace system preliminary design studies.

6



I.
Gua,,- A sudden brief movement of air at a veloe.,ty in exces's of the steady
rmovement velo-city.

Shears - (Windi Shear( The magnitud.t of thle ve-tor dlifference between the

wind vectors at tsko altitudes divided by the thickness of the a Liiode inter-

val, (sec-1 ).

Shear Angle - The angle between the upper (altitude) %wind and the loeer

(altitu.de) wind vector (degrees).

Shear Thickness - The difrc in hc'ghi between the two kwids used in

a wvind shear calculation (f'eet),

1'urbuien: e - Turbulent floe~ motion is an iirgular condi;tion of flow in

wAhich the variuus Ljuantities show a random variation %%1th time and space

coordinattes, so that statiStically' distirct average values car, be discerned.

VW'nd - Any movemnent of sir; natural air in ,iu,ioa ;,iji any negt'Ce 0:

Velocity, dure Qtiott 01 density-.

WXind Phenomena - .. nv fac*ts and eventsz of sciete!;i :,.csl on w nnjs.

tFor purposes of his paper-, the elements oi the phenomena are dk fined! as

stead,, wind velocit, profiles, windc sheor, and geISt ac:!nn,
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Destgn Problem Analysis cnd Deign Philosopy

NORNIAN SISSENWINE

GEOPHYSICS RESEARCHI DIRECTORATE:

AIR FORCE CAMIBRIDGE RLSEARCH LABORATORIES

ABSTRACT

In arriving at a design criterion to be used in a calculated risk philosophy,
the appropriate distribution of the wind must be taken into accunt. The
selection of the appropriate distribution is possible only after a design

* analysis is made based on a clear and detailed unidersrtanding of the problem,
A compromise may then be reached between the fe.sibility of design and the
risk of the various extremes in the distribution. It can be quantitatively
evaluated and decided upor by the aerospace vehicle management team, from

* the evidence providedi by the managemenits engineering design and geo
physical consulting teams, lNumerous exnmples of this anaL ,tis process
are given in this general discussion of wind design problemns.

INTRODUCTION

The Geophysics Rosearcn Directorate ot *he A,.r Vorce C arbridge

Research Laboratories is responsible for cxtenciinu gcophYsical knowledge

fur the Air ForLe, About nine Years ago, i! wkas recognized that the

majority of potential 'customers' were designers of the future weapon

s~ stems. A l'aisoti was establishec witn the Air Forcc design coimmnunity

and a program was initiated to hr'lp engincrr anal -, geopliysical problems,

to acquaint them with on- he -sheif geophysical information, to tailor both

specific aid general soluti~n., 'or themn, and finally, to reorient receorch

where necessary. Since that time, nearly, a thousand formal requests for

assistance have been recrtfed, Countless other requests were answered

without ever getting into the formal channels. Ahout half of th1Ese. requests

ae rt in1 0!ltiection %kltn so-me aspect o' wind phenomrenia tw xs found that

the problems were bcing defined, and the type o' geophysical presentation

that was thou&ht to be needed was being sprccffcd without consultation with

he geophysicists, design criteria were frequently being estabi4shcd with-
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out a design philosophy--the acceptahlo calculated risk for the specific

areas and time periods of operation.

DEIGN PROBLEM ANALYSIS

rBefore turning to design philosophy, the importance of problem defini-

tion should be stressed by mentioning some of our wind problem encounters.

A unique wind problem, one of the first with which we came into contact
',,hrl -. becamp missile minded, was related to inertial guidance platforms

being evaluated in an early version of an airborne intercontinental missile,

The problem was presented to us w"th the formal title, 'Air Mass Damping. '

It was related to oscillafions of inertial guidance platforms that have a

natural frequency of 84 minutes, the period of a pendulun as long as the

earth's radius. Such a platform cannot sense, and consequently cannot

dirrp 'ut, forcing factors to the system guidance that have a frequency of

84 minutes.

The original definition of the problem led us to believe that gust forces

(niclmamed 'air masses' despite the fact that this term has a special

meteorological meaning) would he deleterious to the systerr. Much digging

was required before it sea determined that the pertinent wind features were
the components in the sinuous upper wind flow, which has wave lengths of

hundred:s and thousands of miles instead of hundreds of feet. A Fourier

integral of the tail and cross-wind components, from intercontinental

flight level wind maps, revealed that these uncompensated winds could

create guidance errors of several miles.

The problem of choosing the stratospheric al tude at which a balloon

systen can be maintained staionary with minimum pav.'er and fuel can be-

come quite trick., ThF s:ze of the power plant varies directly as the cube

of the extreme wind speed, ard fuel comsumption as the cube of the average

wind. Since there is a fairly high correlation between average and extreme

wind speeds, it appears that the calmest altitude should satisfy both require-

r. ent s.

The selection of optimum altitude, based only upon winds, can be in-

correct. Air -cnsit,, which cetermines the buoyant force on tr. -,-, ,oon

as well as the wind power available in a volume of wind and interrelat-s

the balloon design with the distriblition ,f both wind and density, must be

considered. Larger balloons, which will have larger cross section for wind

loading, are required at higher altitudes, Despite this, until the speed at

100, 000 feet exceeds the speed at 50, OCO feet by 30 percent, less power and

fuel are required at 100, 000 feet.
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Getting back to earth, let us consider what appears to be a simple

problem--surface winds. After all, there is nearly a century of surface

wind records. Suppose a new missile is being designed. First, this

vehicle must be available for its planned life as an active weapon, yet it

must otand by on the launch pad in a readiness position, exposed day in and

day out like a television antenna. In this instance the day-in and day-out

winds are of small importance since the vehicle must withstand the extreme
winds, The extremes occur with special weathei situations associated wkith

tropical or extratropical cyclones. The cleanest solution to this problem

is to consider the extreme wind that occurs each year, rather than the

frequency of cyclones.

Perhaps the military planners desire a rcadiness life o,' 25 years, and

are willing to take a one-percent risk. The most straightfor,ard approach

is lu obtain a distrioution oi maximum winds for a representative sample of

25-year periods. From these, the wind speed that has a one-percent pro-

bability of being exceeded in 25 years, the design criterion, can be deter-

mined, A representative sample of 100 requires a record of 2500 years,
Fortunately, there are statistical theories that can be used, but the exten-

siveness of the effort required in applying these theories cannot be treated

lightly,

A mosi important refinement is that each maximum-for-the-year wind
speed used in the basic sample is a value obtained at a non standard height,

and averaged over a time period dependent on 'he nature of the observing

equipment and then-current observing practices. Is this time period the
same time that it takes to tip over the erectfe missile? Is this anemometer

altitude at the center of aerodynamic pressure? The -:u t that does thte

damage has a critical speed, duration and geometry "hat is interrclated

with the down-wind and vertical dimensions of the missile, The wind data

in the National Archives of the U.S., and that of other national weather

.orvices, were not collected for design problems. Sone scientifically

based adustments, often somewhat arbitrary, must be made; these require

serious consideration in the problem so!u!ion.
Let us now consider the launching of the missile. It has withstood

these vicious cyclones for several years, but launching in a wind as strong

as this stand-by design criterion, say 100 miles per hour, is not within

the 'state-of-the-art.' Fortunately, the likelihood of its occurring during

a launching operation will be less than one in a million. Now the day-in-

day-out data become useful, but only several instead of inany hundreds of

years of record are needed for this part of the problem, From a distri-
bution of hourly wind speeds, a reasonable criterion can be obtained,
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weighing cost and complexity of design against calculated risk. Perhaps

only one percent of the time will the wind gust geometry be more severe

than the designer's celculations indicate would be critical for an initial

design configuration. Working level designers and geophysicists therefore

Fdecide that this is a satisfactory design criterion because a one-percent

risk appears reasonable.

DESIGN PHI LOSCPHY

We made the transition into design philosophy as we did in the stand-by

problem. Have we done a thorough Job? For one, have we used the wind

distribution from the worst location in which this missile may be called

upon to operate? Does the operational concept include flying this vehicle

under all kinds of . eather, say heavy cloud cov'r? The wind distribution

may be different in 'lra, than in cloudy weather. How about season effects?

If t d , te p zevaunal variations, one percent on a year-round basis

might prove to be a ten-percent risk during the windiest month, and for

some military operations, this is much too great a risk to take that we

will not be in business when givwn 'he order to push the button. On top of
this, there is a great probability that this ten percent value, three days of

the windiest month, might last for hours or days because there is quite a

bit of persistence in weather. Such a delay could be fatal in a nuclear war.

There is also the likelihood of other launching bases being inoperative con-

currently.

Evidently, after the distribution of a critical parameter has been de-

cided, a great deal of thought must be given to the design philosophy.

fb, vc.r, in military circles, the design philosophy, the calculated risk

decision, does not lie with designers or geophysicists. It is the prerogative

of the management team Alto must act as expert .itnesses: engineers by

prov!dirtg data on cost and difficulty of design, and gcophysicists by indicating

the risk incurred. The System Project Officer must make the final decision.

SHORT CUTS AND DIFFICULTIES

The approach thus far advocated is the following: (1) determine the

critical representation of the wind from a diaanosis of the design problem;

(2) develop A distribution of the critical representation of the wind; and (3)

examine cost of design tor various extremer of the distribution in order to

arrive at a reasonable design with acceptabl! calculated risk, Complex

statistical ways of showing this distribution are often required and many of
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these will be discussed in later papers. Certain short cuts may prove

helpful. One of these is to decide that there is no problem. It is quite

obvious that if a surface-ep-osed object could withstand winds of several 4
'II hundred miles per hour ther e Is no need for a surface wind design

criterion. Decisions of th~io type for upper winds are not as easy to make.
Some decisions can cause trouble ,.cn incorrectly applied. 'fake a balloon

E system which must not be more than a certain distance from the point of

release when it attains cruise altitude. A quick decision can be made as

to whether or not a design problem exists. Extreme wind speed at each
altitude for any given location can be estimated. These extremes will not

occur simultaneously at all levels. If a simple calculation shows that the

balloon is still within Line acceptabl- jistance i4 ine extremes had occurred

simultaneously and from the same direction, no design problem exists.

Unfortunately, this same treatment has been tried for missile boost

wind profile dsn. Many A11 . "ecugnize that this type of wind profile,

say one percent extreme at all altitudes, would create far less bending to

and require less engine gimbailing of vertically rising vehicles than a
profile in which the wind speed is light or average at most altitudes, and

one percent extreme at some critical allitude. Unfortunately, it cannot be

entirely obvious, since some of the early missile designers did attempt to
present design wind profiles that were synthesized from eaxtrene speeds

at all altitudes. Instead of over design, as the., had intended, they tad

seriously under designed.
A difficulty with which we are frequently faced, after thu problem is

properly analyzed and the applicable wJnd distribution is specified, is

obtaining the representative data sample. Several years ago it was quite

difficult to get an acceptably accurate recpreentalivw sanmple o 30, 000-foot
.Aid profiles for the boost problem.

Today, too late for contsideration for some of ojr ma-or inissiles, upper
air soucling equipment that will operate during the strong wind profiles of

great importance in design ir juat con-ing into the irventory. But now we

find there is a great need for wind profiles to iour or five times this

altitude. Also, details in the lower altitude profiles that uad never before

been considered and were hardly observed might be quite important.

It seems that we are always behind in obtaining the information re-

quired, even though Ae are in tie forecasting business. This is not because

we are poor forecasters. Severai .-cars a- we forecas.e,. and are cui-
tinuing to forecast, te need for accurate information on wind behavior

above altitudes attained by our bailorn soundings, aboutiO0, C00 feet.

Unfo'.'tunatelv, we are still having a difficult :rc convincing the powers

that ne of the need for such programs,
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Managers in the aircraft and missile industry itself are somewhat

at fault. They use the phrase 'all weather' with every system, They do
° not pecify that they can build 'all weather' systems only if they have

quantitative design information w critical weather parameters. Even today,

ILIthere are urgent working level requests for information on winds and den-

sities for boost glide vehicles, yet higher echelons in the Air Force,

if responsible for providing resources for geophysical programs, are unable

to obtain verification of these requirements when they query the manage-

ment level. Importance of the geophysical 'inpt'ts' are deemphasized for

reasons not entirely clear, yet the price of a single airplane or missile

lost, or the cost of a major firing postponement due to weathpr, could

cover much of the necessary geophysical research.

FORECASTING CAPABILITY

Forecasting should be brought into its proper perspective for design

considerations. In many instances the design problem is one of reduced

mission effectiveness rather than abortion of the mission due to inability

to operate, In such cases, one may often compensate for the effect of the

wind by using a forecast. The easiest prediction is specification of average

conditions, the simplest form of climatology. For example, the average
wind profile may compensate for much of the wind effect on a reentering

rose cone, but the effect of the day-to-day variability around the average

must be determined, perhaps by target and by season, before there is

assurance that the system will operate within the accuracy called for in

the Specitic Operational Requirement.

It is good policy to design within this climatic variabiLity, because a

forecast is costly and its inclusion on an hourly or daily basis is sometimes
difficult. If, however, the variability about the climatic average used as

the prediction ;s too great for a reasonable configuration, the routine use

of a synop tir predirtin eho.,t hc cn'sidered before reeorting to a quantum

jump in system complexity. Synoptic predictions necessitate knowledge of

data on futu:xe forecasting capability. In some instances, these quantities

can be estimated from current research on future forecasting techniques
that have some likelihood of operational acceptance, When such research

results are not available, a conservative approach (since forecasting

improvemrents, although not negligible, are slow) is to use today's predic-

tion capability, applied to realistic simulation of operational situations.

For silent area problems, spectal forecasting !rials by operational

forpcasters are required to obtain these error data. Such tests have
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been very Infrequent and are limited in scope. Even nonsilent area wind

-* forecast accuracy data, which require no special situation simulation, are

far from extensive, The absence of forecasting accuracy data, even
i though there is a real skill, can lead to design within climatic var iaiity

in instances where it would be more desirable to use a synoptic prediction.

An unfortunate result is the deemphasis of need for a strong operational

prediction capability which would yield more effective systems. There has

been a little progress in the direction of documentLng wind prediction
capability for design problems. It is hoped there will be further work along

these lin . .
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Global Wind Climatology
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ABSTRACT

Availablc uimartoog:al wind data are surveyed for three realms of the
atmosphere--the air near the ground, the upper air, and the atmosphere
above 100, 000 feet. Both published and unpublished seurces of data are
considered, with special mention made of unpublished wind frequency dis-
tributions that have been prepared for stations throughout the world.
Wind variations not readily detectable from conventional wind summaries
are briefly discussed, namely, variations in periods less than 6 hours
and systematic seasonal and annual circulation reversals in the stratos-
phere, Deficiencies in existing coverage of wind climatology are noted.

INTRODUCTION

Over a period of many years, the Climatic Center, USAF, an organiza-

tion of the Air Weather Service, has provided c~imatological support to

agencies of the Air Force and Army, and to their contractors. As might

be expected, wind is among the parameters of prime concern. Much of the

work performed in the Center has had to do with the variability of wind at

the surface and in the upper air. Air route planning factors, arutctural

design winds, climatological fallout patterns, and runway wind distributions

a e a few of the types of analyses made. Geographically, there is scarcely

an area of the world that has not been examined at one time or another. The

data input for these analyse6 is greatly varied. Full use is made of the re-

sources of the Natlon:1 Weather Records Center where the Air Weather

Service has an imporLant component, and extensive usc is made of pub-

lished ai: unnudbhshed mtaerials of foreign and domestic meteorological

services, In thi, !rlef survey of global ird Alimatology, a wide variety

of types of wind data wil, be noted.
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SURFACE WIND DATA

Surface observational wind data are plentiful for most areas of the
world. Since observing procedures vary, the dOaa are not entirely horro-

geneous. In particular, differences in anemometer levels might make it
necessary in some instances to introduce height correction factors based
on knowledge of the micrometeorology of the air near the ground. Such

adjustments may be particularly required in estimating the effect of wind

on missiles and structures at heights between the usual observational

levels.
Upper air wind observations, as recorded on punched cards in the

National Weather Records Center, normally start at 150 meters above the
groun3 in the case of observations taken by the United States weather

services, " and at 500 meters above the ground at the majority of foreign-
zpcra.cd station. Thus, ,ialtb b.tciai micromcteorological uata are
available, interpolatic, , between the surface wind and the lowest recorded

upper air wind is sometimes required. As is well known, the vertical
wind gradient in the first few hundred mcters above the ground depends
on the roughness of the terrain, on the temperature lapse rate, and on the
wind speed itseif. Fortunately, the results of numerous series of micro-
meteorological observations taken at various places throughout the world
are available to assist in making reasonable interpolations. Still. there
are some situations in which, owing to the unique physical exposure of the

site in question, meteorological insight is the only rcmainirg basis for

interpolation.

There are over 4000 stations for which detailed surface wind data,
based on several years of observations, are available in unpublished form.
Attempts to represent the earth's wind regimes have been made with much
fewer data, A paper by Brose (1936) presents monthly mean wind speeds

for over 300 stations evenly distributed throughout the world. For occanic
t,, ".. . Weather Dureau's "Atlab uf Climatic Charts of the Oceans"

(1938) contains monthly cbarts of the prevailing and mean rcauitant winds,
although more detailed data are now available in the U.S. Navy's recent
(1955-59) series of climatic atlases of individual oceans of the world. In
1951, Lauscher made a further analysis of the data in the earlier sources
just mentioned presenting maps of the earth's wind regimes, along with

- Refers to pilot balloon observations; first level of rawinsonde wind
daa is 1000 mb, applying to heights from the ground to about 1000 ft,

depending on the synoptic situation.

3 3



special data for some of the windiest places on earth, (Lausch" also pro-

vided information that is probably totally useless in aerospace vehicle

areas of the globe, Far example, extreme winds have been estimated by

H.C.S. Thomn (1959), among others, for the United States; and by
Anapot skaia and Gandln (1938) for the U.S. S. R. The question of whether

to use peak gust speeds or maximumi winds averaged over a minute or some

other time interval has bccn gone into quite thoroughly by Davenport (1960),
especially in relation to the dynamic response of anemometers and of the

structures affected by, the wind.

The approximate number of locations fnr which detailed aUtice wino
statistics arc: availaijle--4000--was mentionied above. These statistics

consist of lengthy bivariate frequency distribut.ions of wind speed and

direction, generally arranged by months. Altogether there are close to

10, GCO places in the world where wind is or has been systematically ob-

served. These numbers are significant because they stress !he fact that,

-3;ihough valuable data exist in published form, many) more data are avail-

ahl, in the form of unpublished mrachine summaries, and still more data

arc potentially available for summarization. Obviously, it is impractical
to ma~c these data avatlpible e9 masse, Aside fromn purely physical con-

sidcrations, the intelligent use of the data depends on ani awareness of the

limitations in the original observations, the manner in w4hich they, were

processed, and on the relation of the network of stations already summarized
to the netwo~li of staticnsq a',aitoblc for summarization, This knowledge can

crdinarly be Inhst cumnmujicated in the course of consultation and is mo3t

meaningful if the climatologist has a proper understanding of the client's
operationa, oir design problem.

THE UPPER AIR

In b e past Jecode great progi e6s has been madte to-sard dnfininE the
dutailec climatological wtnd patterns of the upper air. This provress has

hen dur., in part, to the greater heights reached in rawinsCnde ascents,
especiaii asince the mrid-1950's. For the Unilted States, available sta-is-

*,c hwastecy rise in heights reached during the 1.950:s. For thfe

critcal area of the V.S.S. R, radio broadcast data have been the normal
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source of upper air wind data, except for the period of the IGY and at least
t' part of the ensuing IGC. In the early 1950?s the broadcast Soviet upper air

data rarely went higher than 300 mb. In January 1959, about 55 percent of

these data were reaching 100 mb, but only one percent reached 25 mb
(82, 000 ft), as contrasted with 95 percent and 70 percent, respectively,

for the United States, The Soviet IGY upper-air data received on mictocards

in the National Weather Records Center are much more impressive than the

7 corresponding broadcast data, Already in July 1957, the microcards show

92 percent of thc data reaching 100 mb, about 35 percent reaching 25 mb.

Upper-air flow patterns may be deduced either from the actual wind

observations or from daily and ioonthly mean constant pressure maps.

Daily hemispheric map analyses up to 100 mb are now routine. In rcc.nt

years, daily analyses up to 25 and 10 mb have been drawn by several

groups, notably the Stratospheric Analysis Project of the US. W'eather

Bureau, the Tnrtitllt fUr Meteorologic :t Berlin ricee Utivui6aii, and ie

Arctic Meteorology Research Group at McGill University (Montreal,

Canada). Hemispheric high-level mean maps from July 1955 on have been

prepared by Pennsylvania State University; in the U.S.S.R., Dubentsov

(1959) has reported on mean hemispheric maps at levels up to 10 rnb. for

individual months of the IGY.

Mean upper air eharts based on saveral years of observations are

enumerated in a Technical Memorandum of the Ciimatic Center (Quiroz,

1959). In this survey the discussion will be confined to several of the most

outstanding compilations of upper air wind data havng near-global coverage.

Major series of upper air climatological wind charts are listed in Table

1. The single source with comprehensive coverage of both hemispheres is

the British Ueophysical Memoir by Heastie, Stephenson, ane Tucker; this

is the well-known 'Upper Winds over t!:e World, ' in. its 1960 reincarnation.

At 60 mb (about 64, 000 ft), Bannon and Jones (105a) also embrace both

hemispheres. Two recent United States compilations, the Strategic Air

Command's "Wind Factor Calculator, " and Crutcher', "'Upper Wind Statis-

tics Charts of the Northern Hemisphere,' are somewhat similar, yet I

think tneir differencus nrre more notahle. Oir source, ,or Cxample, presents

seasonal data. whereas the other has monthly data. In an unpublished paper,

Salmela and Sissenwine (1958) have indicated significant differences between

meati vector winis computed for a season and for an in 'ividual month n

that season. A further check of this point could he made by comparing
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seasonal and monthly data in Volume 1 (1959) of a series of detailed machine

L tabulations of upper air wind data for the United States prepared jointly by

the U.S. Weather Bureau and Sandia Corporation.

The military designer may well ask which of these documents may be

considered most reliable. The answer depends on the user's purpose and

on the statistical application he has in mind. Levels of interest, geographi-

cal coverage, period of record of the basic observations, accuracy of the

data--these factzra must be taken into account in selecting the climatological
input. Beyond this, it is well to consider that the capacity for climatological

information in published documents is physically limited. The United States

weather services alone have produced, mainly by electronic mean3, de-

tailed upper air wind summaries for about 1000 locations throughout the

world. The more comprehensive of these contain between 100 and 200

sheets of frequency distributions per station, usually by month9, and for

lc;clsin S, ziii i.es up to i0 mb (112 uuU ft), It is not only impractical,

but perhaps also undesirable, for reasons mentioned earlier, to attempt

to publish these data. Meanwhile, they serve as an indispensable working

file, to be consulted in the course of finding solutions to specific design

problems.

The documents just referred to are all based on conventional wind

observations taken mainly at 12- or 24-hourly intervals by stations

oftentimes as much as 100 to 200 miles apart. Certain design problems

require knowing the manner in which wind varies in shorter intervals of

time and over shorter distances. There have been several special

observational programs emphasizing measurements at intervals of a few

minutes to several hours and over distances of a few miles to around 100

miles. Arnold and Beilucci (1957) published an excellent survey of such

data, and Ellsaesser (1960) has made an even more comprehensive review.
Eillaesser shows that in general the wind variability increases with the

time interval and with the horizontal distance, maximum variability being

indicated at an altitude near 30, 000 feet. For time periods less than 6

hours the wind variability is essentially independent of season and latitude.

For longer time periods, the geographical and seasonal variations become

appreciable. A further dependence on synoptic situation has been ciearly
dernonstrated by Eriksson (1951), in a thorough analysis of upper wind

structure as revealed by a network of Swedish stations taking approximately

hourly observatior3 over a 4-year period.
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Other aspects of wind variability*' that the climatologist might well~take into account are the rather systematic circulation reversals occurring

in the stratosphere and mesosphere. The manner in which wintertime
~westerly winds are replaced by summer easterlies has been well described

by Flohn (1959), Belmont (1961), and others.

Even more arresting are the stratospheric wind reversals reported at

latitudes close to the equator. Here the reversals occur not seasonally but
Iapproximately once a year, actually at intervals of about 10 to 15 months.

A highly detailed account of this phenomenon has been given recently by

Veryard and Ebdon (1961) of England; Reed (1961), McCreary (1961), and

others in the United States have also made detailed analyses. Reed's des-
cription is perhaps the most vivid yet published. His data show alternating

bands of easterly and westerly winds, progressing downward from the highest

level of observation (30 km), at intervals of approximately one year (Fig. 1).
Thee bands are best defined near 25 km and becomc artLIQ near tne tro-
popause. McCreary has shown that this phenomenon is present as far as 20"
from the equator, and Veryard and Ebdon have shoNtn that it may be detected

to 30" N, although at this latitude the annual fluctuation is greatly dampened
and is partly obscured by the seasonal component.

The climatological significance of these annual circulation reversals
in the equatorial stratosphere is readily apparent if one is working with
Lpper-air wird summaries based on several years of observations. In these

summaries, the common practice is to combine all the observations of

different years into frequency distributions representing months or seasons.
Such summaries would tend to combine easterLies and westerlies, without
showing the persistence of one or the other over periods of about one year.

Also, a mean vector wind computed from these data would tend to have a

smaller value than the mean vector wind calculated for individual yvazs.

Thus far no mention has been made of maximum wind speeda in the
upper air or vertical wind shears. Wind shear hac been analyzed in various
published reports, for example, Dvoskin and Sissenwine (1058), Maximum
w:nds have been tabulated by the Air Weather Service (1955), and by the

Weather Bureau in an unpublished machine compilation (N-,HC Job 2201).

Special punched card decks documenting maximum wind speeds (> l100 rph)
and maximum wind lavers have ueen ma-intained by the Weather Bureau
beginning vith data in I56.
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THE ATMOSPnE ABOVE 100,000 FEET

p Since air density decreases markedly with height, it would appear that
wind wouild not have the same effect on a vehicle introduced into the upper

atmosphere as it would farther down. Rather high wind speeds have been

mneasur-ed iii the upper atmosphere,. however, esp-ecially in the vicinity of

80 k-m (about 200, 000 ft), so it seems appropriate to take these Into account,

and to corsider if the data now available may be viewed cllmatologically.

By 1953 some 50 or 60 sets of isolated wind measurements were avail-

able for the upper atmosphere. These data, obtained by a wide variety of

incbrect observational techniques, were brought together by Miss H.

Kalnann-Bijl at a Conference on Motions in the Upper Atmosphere

(Albuquerque) in 1953, and were later issu.ed in published form (I. U.G.G.,

1954; Kaplan and Kallmnann, 1957). In the period 1954-59, there was a

somewhat more substanitial samplp nf riita reportced ,-. the U idLaure,

consistig primarily of:
. 50 wind profiles (sound propagation

measurements), at White Sands,
Churchill, Denver, Guam, and in
England

ev. 50 missile measured wind profiles,
at Cape Canaveral

,v 90 rocket chaff wiind prcfiles, at
W.hite Sands. Tonopan, and
Johnston Island

All these data refer to the period preceding the initiation of the

Meteorological Rocket Netwkork in late 1959. Since then the picture has

greatly changeic. In the l i-month period (October 1959 through February

1081) close to 500 wirid soundings were obtained--severnt' times the number

of measuremnents previously available. Trhe stations at which these sou.ndings

were taken are, in ordcr of decreasing number of observations: Point Mugu,

White Sands, Churchill, Wallopg reland, Cape Canaveral, Hllomnan AYB,

Fort (Ireely (Alaska), and Kauai (I)

Circulation patterns in the upper atmosphcrce evolved fromn pre-1959

data hive been described by Pant (1956), Murgatroyd (1957), and

Attmannspacher (1159), among others. By late 1960 enough new data fromn

the Meteorologicai Rocket Network had accumulated to allow a closet

cx,3mination of wind behavior to moderateiy great hetghts, Ptitten 19Dhas

arat~n new cross sections of the mean zonal wind up to a heght of 100 kmn.

Keegan (1961) has presented sYnoptic examprles o wind distributions to a

height of 55 kmn. At New York University, Bruch and Morgan (1961) have

made a valuable statistics! compilation, usirig data through September 1960.
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Their report includes values of the mean u and v components of the wind by

months and seasons, at heights from 25 to 80 kin, along with data on Uie

r variability of wind in periods of I to 3 days, and data on vertical wind shears.

Data for eight stations of the rocketsonde network are presented. A maxi-

mun of wind speed occurs at around 60 to 70 km, somewhat paralleling

the maximum at jet stream level in the troposphere. Occasional wcstcrlics

>200 knots in winter and easterlles > 100 knots in summer have been

noted. The region 60 to 70 kn, incidentally, is 51su the region of maximum
air density variability described in a recent report by the author (I961).
Further analysis of maximum winds and other aspects of wind behavior in

the mesosphere may be expected as more data are acquired by the rocket-

sonde network.

SUMMARY

Great progress in wind climatology has been made at practically all

levels of the atmosphere but certain deficiencies are still apparent. At

level. bLtcen he surface anemometer height and the first level of upper

air wind observations, our knowledge of wind behavior is far from complete.

The increased use of towers for micrometeorological observations is a

welcome trend. Modified pile' balloons for taking more detailed wind

measurenents in the first thousand fcet of air could also provide useful

data.

In the region of the middle stratosphere, above 50 mb (68, 000 ft), the

existing cLimatoiogical coverage is poor, especially in the southern hemi-

sphere. For the northern hemisphere, at leact, the availability of synoptic

materials to 10 mb will undoubtedly lead to a better definitionof the

climatologica! wind patterns, A deficiency rray, persist in the case of much

of Eurasia as long as we must depend on the radio broadcast version of the

upper air data. As was pointed out earlier, the Soviet IGY upper air data

recci;ved on microcards reached higher levels, but these Cata are for a

limited period.
At mesospheric levels, the frequency of wind soudings reaching

higher than 60 km (2-0, 000 ft) is low. Increased coverage is needed for

the upper mesosphere and especially for the region iust above the mesos-

phere ( > 80 kin), where indirect observational methods--for example, the

so iilm cloud trail technique (Manring and others, 1961)--have indicated

erratic wind distributions and large vertical shears. Geographically, he

xist-g coverage ia limited mainly to the North American area. Equatorial

latitudes are poorly represented. Finally, sr'.ce the wind data avalsble
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f rcri- fo-reign rocket observationa.l programs are few, the longitudinal span
of wind coverage is also limited. These deficiencies, however, perhapb
seem minor in the light of the tremendous progress made in recent timesS

and the promise of farther advances in observational techniques,
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Appirg Statitial Reprieit&Wios of Wind

AILNOLD COURTj
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ABSTRACT

Mtiticulties in the statistical description of wind, arising from its inherernt
vector nature and the difficulties of measuring it in the free air, are dis-
cussed. Means and standard deviations of components, their correlatlgns,
and resultant winds all are slghtly underestiniated in computations based
on comnpoiient5 derived from winds reported oricinnly by speed and direc-
tion. Interpretations of time and space correlations of wind are discussed.

INTRODUCTION

Wind is the moction, ir three cimensions, of air. This innate vector

property makes wind much more difficult to measure, studtv, describe,

and predict than other meteorological variablcs. Some of the difficulties

in the description of Aind vectors, and in applications of sucn descriptions,

are the subjects o,; this paper.

Vur-ical motions of thc atnliopc:-C at L, on thc vrhole, one to three

orcers of magnitude smaller than horizonfal motions. Thecy may be neg-

lected for most practical purposes, such as acrospace vehicle design.

The present discussion, therefore, considers ,.notion in orlv rwo dimnaions.

.Near the surface of th2 earth w6herc fixed supports are available, wind

is measured by the Passage of air over such a fixed point, or by the pre-

sure it exerts. flener, variation itme at a single point, or simluktanerils

variations with nistaric,. ca~n hr studied separately. But in the free air,

without fixed supports, wind is measured b mnotion c! something moving
wAith the wind relative to a fixed point on the ground. Errors arising from

!vi .lre of the balloon to follow the wind, and from the equipment used to

track the balloon, swill be discussed in other papers, In this paper, only

coitalin computal-onal errors are considercd,

Because all n-an~nnsof x-ind in the 'tee air are made from ob-



jects moving with or through the wind, no direct information is available

on the variation of wind with time at a fixed point in the free air, Nor are

4 truly simultaneous measurements possible of the wind speed at two pdinte

a given distance apart. In fact, none of the routine wind observations

apply to a fixed point or a given instant; all are derived from balloon (or

other) displacements, over intervals of time ranging from a few seconds
to several minutes, and consequently are averages over that time period

and over the space covered by the balloon during that period.

These basic Limitations of the available wind information must be

'emembered by all Aho would compile and apply wind statistics. They are

not especially inconvenient for the ordinary moments, the means and
standard deviations of components of the wind for a given height interval

in the general vicinity of an observing station, But these inherent limnita-

tions become progressively more restrictive as the observations are used

to try to describe the simultaneous behavior of the wind in the vertical or

the horizontal, or the wind variations over short time infervals.
Various tricks can be used to infer simultaneous space variations and

single-point time variations of wind from the available information, Some

of !hes ,ill bu discussed in other papers.

TRANSFORMATIONS

Whether it is measured by an instrument at a fixed point near the

earth's surface or by an object (balloon) floating or rising through the free

air, "ind usually is reported in polar coordinates by direction and speed.
But summaries and averages require conversion to rectangular (Cartesian)

coordinates, causing Iiffieulties in the statistical description and intro-

ducing biascs into 'he means, standard deviations, and correlations.

The change from polar to rectangular coordinates, or vice versa,

requires a transrormatlon of the frequency distribution from one system

to the other. Rectangilar coordinates are an easier starting point than
Polar coorcinatee for discussing the general nature of bivariate frequency

distributions.

Conveniently, each component of wind usually is assumed to have a

normal, or Gaussian, distr~bution, This assumption seenms to be generally

acceptable, esperially since no useful alternative exists. If the two com-

ponents each are normally distributed, together they have a bivariate

normal distributinn, Such a distribution has five parameters or constanfs:

the means and variances of the 'lo components, and their correlation.

Unless both component means are zero, that is, the distribution is
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II
- of various radii cannot be evaluated directly. But graphs and tables for

approximate evaluation have appeared in recent years.
~Expression of this same distribution in polar coordinates is more

~complicated. The distribution of wind speed from any specified direction,

that is, from some compass sector or from all directions combined, cannot

be expressed directly; it involves an integral which can be evaluated only
P as a Bessel function. Despite this fact of mathematical life, many attempts

have been made to describe the distribution of wind speeds by a gamma

distribution (also called Pearson Type I1). This would be the proper
distribution if the components each had normal distributions with zero

means. But since winds rarely average out to a mean of precisely zero,

the gamma distribution doesn't provide a -ery good fit to observed wind

speeds. On the whole, more satisfactory xesults are obtained by working

..'ith compononts.

BIASES

Certain biases result when component means, standard deviations,
and correlations are computed from .vino observations originally recorded

by direction and speed. The difficulty is that the individual observations

might have been recorded to the nearieL dugree, but usuall have been

grouped into sectors before averaging. The wind component means, hence

the resultant ind, computed from observations grouped into sectors

underestimates the true resultant (and its standard deviation) by an amount

that increases as the distribution of winds becomes more and more

asymmetric. For symmetric distributions, the correction factor is

sin 6 I @ . when the angular width of each sector is 2 o
When sectors are only ten degrees wide, so that the circle is divided

into 36, no serious errors result from averaging. For wider sectors, the

pcrcentaLe error in the resultant is:

Number of secturs: 18 16 12 8 6 4
sector v"4dth dkg: 20 2 2 30 45 60 90

Resultant error, %: 0.51 0,65 1.15 2.62 4.72 11.07

Actually, these are rminimum valucs, appicable when the basic wind
cistributiun is symrnetric.al, or neari4 so. The values increase with

increasing asymmetry, but not very rapidly. Hence, components and
resultant winds obtalned from grouped data, and the standard errors of

such coniponents and resultants, should bQ increased by the indicated per-
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centages to provide unbiased estimates of the true resultants and their

variabilities.
tAn opposite correction is required for the standard deviations before

this increase. The standard deviation computed for each component, from

rdata originally reported in polar coordinates, is a slight overestimate. It

should be reduced by an amount proportional to the mean square of the

other component, The proportionality factor again increases with sector

width.

The net effect of these two opposite corrections for standard deviation

varies with the windiness. At places and levels where winds are pre-

dominantly zonal(west or east) and the meridional (north-south) component

almost zero, the uncorrected standard error of the zonal wind is about as

much an underestin,. as is the uncorrected resultant, but the standard

error of the meridtonal componeat is subject to two almost equal correc-
tions. This still leaves the so-called 'standard vpctor deviation' under-

estimated by one or two percent.
Finally, the true correlation betwveen the two components is also

uridereqtimated by the correlation computed for the components obtained
hv tranqforming from polar coordinates, The sample correlation should

be increased slightly be adding an amount depending upon the means of the

tv,o components and the sector half-width , and then multiplied by
another factor also depending upon 0 . These two corrections increase

the sample correlation coefficients by n fee. percent.

Most of the biases !ust discussed were found and explained by Dr.

Robert Read of the Universities of California and Chicago when he was
working on a research program for the Office of Civil and Defense "lobiliza-

tion at the University of California. He has shown that statistics for w..ind

components, derived initially from winds reported by speed and direct'on,

ait. all biased. In general they should he increased by a few percent, This

applies to component means and standard deviations,, resultants, and to

intercompounnt correlations. Hoevr, it does not apply to time and space
correlations; that is, the correlations between wind component and the

saxne component (or the other componont) at a different level, different

place, or different time. But such cu, relations do require other correc-

tions.

CORRE LATIONS

Several years ago, when I was a consuitant and contractor to GRD-
AFCRL, I studied the correlations of wind components at various layers
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__ in the atmosphere. From tabulations provided by the Air Weather Service,
, * I extracted the statistics pertinert to such study for seven places and

arranged them in a compact form, which has been used since by other
groups and is fariliar to most people concerned with vertical wind struc-

fuie. Seasoual tables for some 60 stations have been compiled, as by-

products of other studies, by the Air Weather Service's Climatic Center.

Recently William W. Vaughan of NASA's Marahal Space Flight Center

published monthly tables for 3': .'., fr=:. T"anama to Berlin (NASA

:4 D-561), which are the moat detailed and complete available at present.

In none of these taLulations have the component means and standard
deviations, ;d the cross-component correlations, been corrected to allow

for grouping bias. Read's study offers corrections for one widely used

set of wind statistics. These are the once-per-day, serially complete
wind records, originally compiled for the Federal Civil Defense Admni-

tration by Ben Ratner of the Weather Bureau, and analyzed in detail by

Bernard Charles, then with Sandia Corporation.

The basic ,4ind data used in this study had been grouped into 16
sectors, each 22-i/2 degrees i-ide, before averaging. Read's study

showed that the component mnneans and resultants should be increased by

1. 3 percent, the standard deviations by varyicig amounts, and the cross-

component correlations by I to 5 percent. He also showed that serial

correlation causes the standard errors and all correlations to be under-

estimated by a few percent,

All tliese corrections and lim:taticns are important to users of wind

ststistics in a y form, including interlevel correlations. They show that,

besides the deficiencies introduced by short records, missing data, errois

of observation, and so on, the mechanics of computation cause serious

uncertainties in the final statistics, Although most of dhe correlation

tables offer three significant digits, the third is certainly not correct,

and little reliance can be placed on the second one.
One consequence of these uncertainties concerns thuoretical and

empirical expressions for the manner in which the correlation between

wind components at two levels decreases as the senaration o fhe levels

increases, Urntii ,ci-e precision can he given the corr-lations calculated

from available observations, none of the proposed models can be tested

adequately. In the meantime, rather crude empirical expressions, such
as those offered by Dr. Adam Kochi~nski (Journal of Meteorology,

18:151-159, April 1961), may be just as good as more elabora methods,
such as, for missile response computations, use of the square root of a

matrix of uncorrected correlations.
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Similar reservations apply -to many'other uses of wind statistics.

The techniques of sampling, observation, and computation all introduce

errors and biases so that the published figures are deceptive in their

apparent precision. As other papers will indicate, each of these sources

of error is under attack. But improvements In accuracy come slowly,

and for the present the uner shoulld not place too much trust in the accuracy

of the available statistics on wind.
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ABSTRACT

Many of the meteorological problems in the aerospace industry require quick
answers from generAl-purpose statistical summaries. Tables such as those
published by Crutcher (NAVAER 50-IC-535) show that the distributions are
truly elliptical as opposed to the easier-to-work-with circular. Recent publica-
tion of tables of the elliptical normal distribution allow a more exact inter-
pretation of these summaries. Comparison is made between the results
obtained under elliptical, circular, and univariate assumptions.

Large masses of wind data needed to set aerospace design requirements

have been complied in recent years. Much of these data have been reduced

for special problems; however, many problems arise that must be answered

quickly, cheaply, and relatively accurately. This is facilitated by general
purpose statistical summaries such as that published by Crutcher (1959), who

presents enough information to compute the wind speed that occurs at any

given probability assuming elliptical normality. This type of summary will
give erroncous anawers if thu true wind distribution is not homogeneous and

Gaussian such as occurs in a sea breeze region. In the upper air, Pxcept

near the tropopause, the assumption of the elliptical normality is good for

most geographical areas. Even where the assumption of normality is not

valid, no general approach is yet available that is any better than computa-

tions based on the elliptical assumptions.

The purpose of this paper is to discuss the methods for using these
general summaries. Four approaches have been used or advocated. These

are comrared in Table I for several examples.
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TABLE I

Comparison of the radii (in terms of o ) for various distribution
assumptions*

r PROBABILITY OF OCCURRENCE

0. 50 0.75 0.90 0.99 Condition

I Elliptical 1.18 1.66 2. 15 3.03 4X , 0
2 Circular 1. 18 1. 66 2. 15 3.03 v "0 A
3. 'Upper Limit' 1. 18 1,66 2. 15 3.03 -y - A

4. Ur rirectional 0.67 1, 15 1.64 2.58

I Elliptical 0.93 1.35 .2.67 0 -

2 Circular 0.97 1.3 1.79 2.6

3 'Upper Limit' 0.97 1.37 1. 77 2.50 R, = 0 6 x T
4 Undirect1Qral 0.67 1 . 15 1.64 2. 58 X

I Elliptical 0.71 1.17 1.66 2.58 fx , 0
?, Circular . ,R5 ,2Z. In o, C3 'Upper Limit' 0.85 1.20 .10
4 Undirectiona. 0.67 1. 15 1.64 2: '16

I Elliptical 2.3C 2.94 3.53 4. 55 = 2.0ocr2 Circular 2. 30 2. 94 3.53 4. 5 = P~ 0.5 D"
3 T'pper Limit 3.24 3.72 4.21 5.09 = o D

Undirectional .06 2.73 3,34 4.3

I Elliptical 2. 15 2.80 i 3.39 4.41 Lx 2 0°,
2 Circular 2.22 2.76 3.24 4.C9 , 0,5ox3'UpperLim-t' 3.47 3.87 4.27 6.59 E o £
4 Undrectional 2.06 Z. 73 3.34 4.39 -

I Elliptical 2.06 2.73 3.33 4.37 4X = 2.0d'
1 Circular 2. 18 2.66 3.09 3.81 .i 0 :

3 'Upper Limit' 3.71 4.06 4.41 4.68 = 0.2c x
'1 Undlrectional 2.06 2.73 3.34 4.39 Y

x mean of the marginal distribution parallel to the major axis of the ellipse.
,= mean of the marginal distribution normal to the major axis of the ellipse.

cr standard deviation of the marginal distribution parallel to the major axis.
cy standard deviation of the marginal distribution normal to the major axis.

The 'best'estimate is shown on the first line of each section of the table,

The word 'best' is used hecause this was computed from tables of Rosenthal

and Roddcn (1961) allowing each component mean and standard deviation to

vary independently. Of course, if a real case is not truly normal, neither

*Val,,es shown are extracted from the tables of Rosenthal and Rodden
(1961), Vitalis (1956), and Surington and Mav, (1953).



t.his nor any other approach discussed in correct. These tables were com-

puted at Lockheed becauae no other were available. Several others (Germond,

1949; DiDonato and Jarnegin, 1960; Lowe, 1960)have had similar but non-

_ meteoroloiearl problems and hayv independently computed tables so that some
choice is now available. These other tables do not cover all the range of
probabilities required.

ILi
The second Line of each section of the table shows the speed associated

with the various probabilities under the 'circular normal assumption. ' This

approach assumes that the variances in the two component directions are equal

and independent such that

z2 2 + 2

where i is a mean standard deviation equal to I/'2-tines the standard vector

deviation of Brooks and Carruthers (1953). For case A shown at the top of

Table I the first and second lines are identical, but as the ratio of c' to oJ
decreases, and the probability increases, the circular assumption given

poorer and poorer results. At 99 percent for ix 
=  ky . 0 and whcre er /, =0.2,

the circular assumption is shown to be 0.4 C' too smkil, a difference of over
x

15 percent!

The 'upper limit' of the wind distribution has been spoken of as synony-

mous with the upper limit of the circular distribution:

P, [x < ( +K h]=o

where K is found by assuming t 0 and circularity, Thie 'upper limit' is

shown in the third line of each section of the table. In the first three sections
wher the means are zero, line 3 is identical to line Z and, of course, has the

same 15 percent error when dY/(x - 0.2. At nonzero values of the mean this

varies--even going to the opposite extreme when d << o;. For comparieon,

similar values are shown for a one-dimensional distribution based on the

standard deviation of the major axis component as if it were oriented alhng the
resultant mean.

In concluuion,for a truly elliptical normal distribution of winds, assump-
tione of circular normality arc dangerous unless the ratio of ry to e. ir near

unity. Also, note that the errors are always biased in the same direction.

Perhaps it Is worth pointing out the d'xand dY used hPrP must be for independent

components. If there is some correlation between the original components

studied, thcn the axes must be rotated until they are independent before making
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the test.* Some summaries, such as that previously referenced (Crutcher),

have already rotated the axes. The most important parameter miassng from

such summaries is some measure of the normaity of the component distribu-

rktions.

p
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ABSTRACT

The mnajority of present climatic wind asirvyse are b-d on tlhe tridard
hourly weather observations made at Weather Bureau and military installations.
Studies of gustiness, the calculations of gust factors, and the determination
of risk quantities for the return of certain wind velocities during a given period,
all based on these observations, are of meteorological interest to the designer
of missile and launch pad stand-by facilities. liectrica! and mechanical oharac-
teristics of present wind measuring equipment, particularly Wind Measuring
Set AN/GMQ- 11, are discussed and limitations are noted. Characteristics of
equipment currently under development, as well as that contemplated for future
development, are also discussed,

Perhaps more than any other meteorological parameter, surface winds
vary greatly with time and location. In addition to the internal perturbations

such as cyclonic ard anticyclonic systems, fronts, squall lines, etc., effects

such as thermal stratification in the lower layers, surface frictional effects

and local topography contribute to the varying nature of the surface winds,

Tabulations of wind direction and speed, averaged over five-minute periods,

comprise the bulk of climatic data currently available. Since these values will

be exceeded no more than half of the time, extrapolation beyond indloted
limitations is cxtrcmely risky. As it is neither feasible nor economical to

design a vehicle to be launched under extrem e v.ird conditions, it behooves

the design engineer to adopt a philosophy in which stand-by and launching wind

design criteria are separated; furthermore, applicable local meteorological

records should be utilized in establishing acceptable calculated risk quantities.
It must be recognized that various types of instrumentation with different

mechanical and electrical characteristics, are still being used to obtain climatic
information. The characteristics of the aerova-ne type of wind instrument used

at most military sites vary from those of the three-cup anemometer coed by

the Weather Bureau. These different characteristics yield data that cannot be
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F properly correlated. Sincc both of these units have their limitations, develop-

ment is currently underway for improved equipments having greater accuracy

and the capability of operating under more severe weather conditions.

* A vehicle and its associated ground support equipment, during a stand-by

period of perhaps many years. would be damaged hy the wind if it -vere dcsigned

to withstand the launch wind with only an acceptable calculated risk, To elimi-

nate the effect of wind on a vehicle in the stand-by condition, attention must be

given to the extremes of dynamic pressure caused by peak gusts superimposed

on a strong wind, Rapidly amplifying self-induced vibrations can also develop

when the vehicle is exposed to a steady wind of moderate speed. Thus, in the

design of a vehicle and launch area facility for a given stand-by period, a

knowledge is needed of the change of wind speed with height in the first 300

feet of the atmosphere as a function of the speed at anemometer height,

Depending upon gust sze %iOh the donind dimcns'on cf ihe whicie, gusts

can exert sufficient S,, -L-- ffLCL-.il"iai wind loading to damage or destroy

a structure even though steady winds may be well within desig. limits.

Ynqt climatic data available at pre'sent is obtained from standard U. S.

Weather Bureau and military hourly weather observations. Wind speed and

direction values are obtained from ancmometers located at representative

sites as far from surrounding obstructions as possible. The average height

of the sensor at Weather Bureau installations is twenty feet, and at military

installations, thirteen feet. Reported wind speed and direction values are

obtained from either direct reading indicators or stripehart recorders. In

the former case, readings are made by observing and reporting the average

wind speed and direction occurring in a one-minutc period; an averaging

period of five minutes is used when values are obtained from the recorder.

In aAdition to wind speed, thc peak gust (highest speed momentarily indicated

without regard to duration) is also reported and appears in standard clima-

tological records. This value is taken directly from the instantrneous trace

on a recorder. The reported winds represent only an average, and con-

sequentl\ are exrceded less than half of the time, a fact that must bc taken

into consideration in the design of launch pad stand-by facilities.

Climatic, data gathcrd in this manner, as .,eii as data collected in many

special studies, have velded results of significant interest to the missile de-

signer. It has h)een found that at any given time the vertical change in wind

direction in the lovest 300 feet of the atmosphere is negligible, parti:ularli

when the overall airflow is strong and the location is free of major obstructions.

The ,ariation of mean wind speed V at height z, ',.hn the mean wind speed at

the anemometer level is known, can ',e approxinnated by one of the following

analytical expressions:
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Simple Power Law:

Generalized Power Law:r( ol 'b b lb)()

V L Z z o) 1 (2).

Logarithmic Law:

V - log (I + z/z o ) (3)

Extended Logarithmic Law:

v - log (I + z/z 0 ) + fVz, V 1 , T'J (4)

In these expressions a and b are constants; z 0 is a length known as the surface

roughncss parameter, and f(z, V 1 , T') is an analytical function of height, wind

speed and the mean vertical temperature gradient at the reference level. The

derivation and use of these expressions have been dealt with more cxtensively.
1 -5

There is evidence that the exponent a appearing in Eq. (1) is a function

of topography and thermal stratification of tne layers near the surface and dis-

tance above the ground, as well as the overall air flow. Its value over rough

grnundorat heights near the ground is greater than that over relatively smooth

ground and at greater heights. Excluding cases of intense surface heating or

cooling and weak overall air flow, the numerical value of a may be chosen to

equal 0.20 as a good approximation. In computing wind profiles near the

earth's surface, the simple power law is permissible only for crude estimates.

Much of the error incurred through the use of this expression can be eliminated

by use of the generalized power law and the logarithmic laws, because they

have the advantage that the dependency on terrain features is incorporated in

the z o0 term.

It has been found that the exponent b appearing in Fa. (2) depends pri-

marily on thermal stratification, and to a degree on height above the surface.

For neutral conditions (that is, T' -0), the value of b is unity. Although the

behavior of b and the analytical function appearing in Eq. (4) are not well

known at levels above 30 feet at the present time, it has been shown
5 6 

that b

can be computed by combining Eqs. (2) and (4). For relatively strong air flow,

it is known that intense surface heating or cooling causes only a small deviation

of thermal stratification from the neutral, In such cases, the logarithmic law

might represent the true conditions with a relatively high degree of accuracy.

Mean numerical values of the a and b constants, determined f'om information

gathered during the Great Plains Turbulence Field Program and other sources,

are presented in the Geophyics Research Directorate's Handbook of
, 7

Geophysics.
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If vehicles must be in a stand-by condition for any length of time in ex-

r, ccptionally windy areas, the designers and operators of the vehicles and

related support equipment must take into account the gustiness of the wind

which appears as fluctuations on a continuous trace of wind speed over a period

of time. Gustiness varies with eXposure and location, surrounding topography,

characteristics of the upwind trajectory to a length of approximately fifty times

the anemometer height, mean wind speed and vertical temperature gradient.

However, relatively few weather stations record wind speed data with sufficient

accuracy to permit a detalled analysis of the interrelationship of all factors.

Gustiness is referred to ii terms of a gust factor or the ratio of the peak

wind speed for a given duration to the mean wind speed for a five-minute

averaging period. Variations in either gust duration or length of averaging

period will directly affect the numerical value of the gust factor. The shorter

the duration of the peak speed and/or the longer the averaging period time

interval, the larger the numberical value of the oniqf fttor, Several n....c ,-

values of average gust factors for various wind speeds and gust durations,

based on the works of Deacon 2 , Carruthers 8 and Sherlock9 , 10 are presented

in the Handbook of Geophysics 7 . Their work also indicates that there is no

real variation of gust factor with mean speeds greater than 3C knots. Data

available at present point toward the fact that gust factors for peak wind speeds

of two-second duration, obtained during the five-minute averaging period and

from instrumentation located at a height of approximately 20 feet above the

ground, remain nearly constant at 1. 5 for increasing winds between 20 and 50

knots. Consequently from a design viewpoint, the 20 -foot, five-minute wind

speed averages should be multiplied by 1. 5 to arrive at the wind criteria ap-

plicable for stand-by and launching conditions in the windiest area of North

America.

The variation of peak wind speeds with height in the lowest 300 feet of the

atmosphere is probably more closely related to gust duration than any other
parameter. For relatively strong mean winds, gusts of a few seconds' duration

arise primarily from surface frictional effects on the wind flow; gusts of a

minute's duration arise primarily from internal perturbations in the air flow

(vortices with vertical axes, miniature cold fronts and other thermal effects).

Short duration gusts show a greater variation with height in the lower atmos-

phere than long diration gusts. The sparse data currently available confirm

the fact that instan'aneous peak gust speeds increase with height at a substan-

tially slower rate than mean wind speeds. As a result, gust factors show a

sl:ght decrease with height.

Calculated risk wind speeds, based on information gathered frnm standard

climatic records, must be included in the design of vehicles and support equip-



a
ment for use at preselected sites. These values will give the designer a

predicted probability of the nonoperability of the equipment for periods from

two to a thousand years. For example, if a missile in its launch position is

considered as a continuously exposed, semipermanent structure with a life

Iexpectancy of 25 years, and a 10 percent risk that it will be destroyed by the

wind during that period is acceptable, then the dormant vehicle and associated

ground equipmcnt must be designed to withstand a wind extreme that hes an
expected return period of 232 years. For land areas other than midlatitude

coastal and mountain areas, calculations indicate that a steady wind of 60

knots at the ten-foot level will be applicable to this risk, If the design must

also include these exceptionally windy areas, then the wind speed applicable

to the same calculated risk and life expectancy Is 75 knots. Often auxiliary

tie-down kits or structures can be developed for military equipment assigned

to these areas so as not to increase production costs of the vast majorlty of

equipment that will be used in areas of light winds. Thesa auxiliary tie downs,

if vchcles art to stand by in exceptionally windy areas, should be designed to

withstand gusts of 120 knots since the five-minute wind speed with a return

period of 232 years is 75 knots. Maps and tables of calculated risk steady

wind speed at the ten-foot level have been prepared for much of North America

and methods of obtaining values at other heights have been determined and

reported 7

The next logical step in to examine the configurations and characteristics

of the instrumentation with which such data is ubtained. Data obtained at

U, S. Weather Bureau sites is taken trom the three-cup anemometer, whereas

a majority of wind speed and direction measurements made at military installa-

tions are obtained from the Wind Measuring Set AN/GMQ- I]. This set is a

permenent installation providing visual and recorded indications of wind

spe tds from 0 to 240 knots and direction over the full 360-degree range. The

transmitter (see Fig. 1) is an aerovane unit composed of a three-bladed

impeller mounted on the nose and a vane tail to keep the unit facing into the

wind. The streamlined tail surface rises above the support and prevents

nverswinging and underregistering which would occur if the unit were not

normal to the wind. The impeller Is directly coupled to a tach generator and

turns at a speed proportional to wind speed. The generator produces a linear

DC voltage output proportional to the wind speed. As the transmitter responds

to wind shifts, a synchro vertically mounted in the vane directly abovc the

mounting stud creates a voltage unbalance in the systern. The signals are

transmitted by cable to a voltmeter and synchro receiver located in an indi-

cator (Fig. Z). The voltmeter scale is calibrated from 0 to 120 knots. The

receiver has a scale calhbrated from 0 to 360 degrees. A recorder (Fig. 3)
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I:with the sme input signals provides a permanent record of wind speed and

tdirection. A range doubling switch is provided to meet the 240-knot require-

ment.
The conflgration of the set is variable and can be adapted to many

situations. By the addition of a solid-state amplifier assembly, the signals

can be amplified much Lhat up to ten separate transmitters and any combination

of eight indicators and recorders may be used at a single instalation. A

remote transfer selector switch allows the signals from any transmitter to be

displayed on all indicators and recorders in the system simultaneously.

The transmitter, normally remoted from the readouts, is mounted on

a thirteen-foot mast in an area free from obstructions. At most missile

installations, a collapsible, lightweight crank-operated TRI-EX tower is

being installed in the vicinity of each launch pad. This tower is capped by a

fen-fnot Ligid conduit and, when fully extended, will provide a 62-foot mast

for the transmitter. This type of mounting places the transmitter above many

of the thermal and surface frictional wind effects encountered in the first 50

feet of the atmosphere. This provides both tht designer and operator with

more representative wind data at the launch pad, It must be remembered,

however, that gust factors and calculated risk charts presently used are

based on data obtained from an average ten-foot observing level.

The wind speed readings are accurate to plus or misus 1. 5 knots in the

3 to 40 knot range; plus or minus 3 knots from 40 to 120 knots; and plus or

minus ten percent of any reading above 120 knots. A wind speed of 3.4 knots

Is required to start the AN/GMQ-11 transmitter; stopping speed is 2.4 knots

or less. Tests made by Mazzarella with seven aerovanes at the Brookhaven

Laboratories showed an Kverage starting speed of 1. 5 knots and a stopping

rpeed of 2. 1 knots. It should be noted that both these speeds are not only
1-elow the design limits but also in opposition to the eupected condition.

As is expected in this type of system, there are two major sources of

error. Mechanical errors are caused by wear over a period of time;

electrical errore can be raced to a less-than-standard voltage output from

the transmitter and the failure of electrical components, Since the AN/GMQ- II

system is in use throughout the world, many transmitters are directly

exposed to severe weather conditions. In arctic regions, ice loading imposes

evere operating re.trctionf on the accuracy of readings and often damages

the transmitter.
Thc most important characteristics of the transmitter are its speed of

response, damping coefficient and lag coefficient. The speed of response is

defined aa the time required for a transmitter and indicator or recorder

combination to reach a value of 0. 63u where u is any given wind speed in

67



knots. The transmitter's response to wind shift is one of periodic damped

oscillation described by a cosine function with phase displacement elimnina-

ted 1 'i. In this case, the displacement after t seconds is directly proportional

to the product of the initial angular displacement raised to a power term con-

I- taining the damping coefficient y and cos wt; it has been determined that the

f damping coefficient for the transmitter is approxinmately 0. 042. The Lag

coefficient has been found to be approximately one second in a 12-knot wind

and one-half second in a 36-knot wind.

A recent survey of the manufacturerR of commercial wind equipment

was ccnducted by the Mleeorological Developinent Laboratory in ar effort to
1,nd a lightweight replacen-iL I. ',ie existing tactical wind measuring set,
the AN/GMQ- 1. The survey provided informtation concerning a commercially

available transistori7.ed portable wind measuring system. It is believed that

this sys9temn is a follow on to the Signal Corps AN/GnIQ- 12 equipment but is

more rugged and is capable of measuring wind sp-ceds up to 90 mph. This

sot is currenily undergoing redevelopment for use as an Air Force tactical

item, It can be usec] in both air drop operations and as a semipermanent

intallatIion.

The set meaqiires wind speed and1 direction at a remote location and

transmits this information to a translator and power supply unit where the

i-'cetx'ed signals are displayved on tweo indicating meters. A recorder can be
attche shuldpcrmancnt records be desired. TIhe w ind speed transmitter

of the set consists of an inortialess transducer using the light chopper tech-
ni1l1e. The ,wind sensor is a lightweight plastic, three-cup anemometer;

wind dircotlo', is determined bY a sulsyrn driven by a lightweight plastic vane.
Tes.,nsors arc, attached to a crossarn , which c:an Le mountcd on any tower

or monst; ho-wever, a strindardi thirteen-foot mast is provided as part of the
set; th;s s,'5tcn iq nmoweelJIny self-contain-d brettzries and/or a I115-volt

;0/60-cyclu source; thle accuiracy of the sy~stem can be maintained without

the addition of extrzt emplifiers eh~uld the sensors be located at any distancen
un to 10, QUQ feet from the translator and power supply unit.

I tie windi speed srensor of the commercial unit has an accuracy of plus

or minmus one rtercent of true speed or 0. 15 knots, whichever Is greater, and

a threshold~ speed or 0. 19 knots. Toe accuracy of the windi direction sensor
is plus or mninus threep degrees witth a threseocld spccd off 0. 75 knots. 'Ihe

nv~raw' -- ~' -- tiyem of both snsora itc 0. 125 seconds in w;inds
at or greater than one kinot. 'I i,,s. same eccuracies and retsporise ttme -:alues

icill.h tie aintained in tne ml itarv version of this set.

.As more launch facilities are constructed in regions r-ihjected to severe

inter w, Eather and the iwed for surface wind data at these locations increases,
greater demnands Aill !_x placed on surface nememretry and the data obtained
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*therefrom. In anticipation of these demands, several commercial firms are

currently developing various types of sonic anemometers which, it is hoped,
II will have greater accuracy than any of the existing equipment and will be

particularly suited to conditions of severe weather as there are no exposed

moving pa-to. Although it may b, some time before the physics of the system

are developed and operational anemometry are built, this type of equipment

may be the answer to accuracy and continuous operation, regardless of

conditions, that the designer and operator of missiles and space vehicles

need.
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ABSTRACT

The 1428-foot television transmitting tower located at Cedar Hill near Dallas,
Texas, and mounted with instruments to make continuous measurements of
wind and temperature at 12 levels from 30 feet to 1420 feet above ground, is
proving to be a useful research tool for investigating low-level meteorological
phenomena, especially the low-level Jet. During the night of February 22-23,
1961, a pronounced low-level jet was observed. A detailed account of the
orderly growth of the nocturnal jet, the accompanying temperature profiles,
and the maximum wind speed and shear attained will be discussed.

INTRODUCTION

A 1428-foot tower located at Cedar Hill, Texas, approximately 20 miles

south-southwest of Dallas, is serving double duty as a television transmitting

tower and as the world's tallest meteorological research facility. The tower
is owned jointly by KRLD-TV and WFAA-TV of Dallas and the owners hav"

generously permitted the use of the tower facilities at no cost to the govern-

ment. Structurally, the tower is trLanlular in cross section, 12 feet on a

side, is topped with a triangular superstructure 75 feet on a side, and steadied

with extensive guying. The towvr is equipped with a 2, 000-lb capacity elevator.
The total height of 1521 feet, including the television antennas, is about 50

feet higher than the Empire State Building.

The meteorological system at the tower site was designed, assembled,

and installed by the Electrical _ng eerin, Research TrAnratct ,cf the
University of Texas under contract to the Air Force Cambridge Research

Laboratories with a portion of the cost of the equipment provided by the U. S,
A rmny Signal Research and Development Laboratory. The system is designed

to obtain continuous measurements of wind and temperature at twelve levels
on the tower. The levels of observations are 30, 70, 150, 300, 450, 600,
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5. 750, 900, 1050, 1200, 1300, ard 1420 feet above the ground. Measurements

and recordings of the variables are done automatically. The entire meteoro-

logical system ham been previously described.

The princi pal objective of instrumenting such a tall tower is the invesLi-

gation of a striking phenoraenou in the lower portion of the atmosphere- -the

low-level jet. This jet is described as a shLarply-defined maximum of wind

speed occurring at heights of 800 to 2000 feet above the ground with ertremely

high values of wind shear below the level of maximum wind speed. Low-level

jets have been observed on numerous occasions in various parts of the United

States, hut most of the well developed jets have been found in the midwestern

states, especially during the night. 2 , 3 Data on the development, persistence

and decay of the low-level jet have been very scanty inasmuch as meteorolo-

gical towers used in the past did not reach the level nf the Jet core, and

balioon observations cannot provide enough of the continuous information

required.

DISCUSSON OF DATA

Since the meteorological system on the Cedar Hill tower went into

operation in late December of 1960, a number of low-level jets have been

recorded. The most prominent low-level jet developed on the night of

February 22-23, 1961. The surface weather maps during the period showed

a cold front of moderate intensity with northeast-southwest orientation

advancing from southeastern Colorado to the Texas Panhandle with no signifi-

cant change of pressure gradient in the vicinity of the Cedar Hill tower. All

stations surrounding the tower reported clear skies and light to moderate

SSW to SW winds at the surface. There was no indication of high winds near

the ground.

The data presented in this discussion are 10-minute average wind speeds

from 10 levels of the tower--the wind speeds at 600 and 900 feet were not

considered because of apparent errors In the data recorded at these levels.

Although the vertical temperature distribution will not be illustrated, it will

be discussed together with the wind profiles because the growth of the low-

level jet is intimately related to temperature inversion.

k'igure I shows the time variation of the wind speed profiles from 1700

to 2150 hours on February 22. At 1700 hours there was nothing unusual in

the temperature or in the wind profile. The temperature gradually decreased

with height with an isothermal layer between 1200 and 1300 feet. The wind

speed from 30 to 1300 feet varied from about 12 to 27 miles per hour. The

data between the hours of 1710 to 1910 were missing, but by 1920 a strong,
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shallov inversion existed from, 30 to 450 feet. Above this inversion was a
lea stable layer with the temperature decreasing with height and becomingI
isothermal above 1300 feet. This isothermal layer between 1300 and 1420

f feet persisted until 0200 hours of the next day. The wind speed increasedj

rapidly through the inversion layer and then increased slowly up to the

isothermal layer. By 1950 the surface inversion had intensified and the wind

t shear below 450 feet had increased. The wind speed profile at this time

characterized the profiles for the next five hours with two maxima - -one at 

top of the inversion and the other at the bottom or immediately below the

Isothermal layer. By 2020 hours the wind speedi at 450 fect had increased to

about 42 miles per hour while at 30 feet it was only about 12 miles per hour.

70 and 150 feet with a moderatc invvvsion below and a strong inversion above

to 450 feet. The isothermal layer near the surfac2 persisted throughout the

remainder of the period. By 2050 hours the inversion layer between 150 and

450 feet deepened to 600 feet and by 2120 hours to 750 feet. The top of the

inversion generally remained at 750 feet for the folloeig hour and a nwlf

with periodic drops to 600 feet. The wind speed profiles for 2030, 2120, and

2 150 hours showed the level of maximum wind speed to be at 750 feet; but had

the wind speed data for 600 feet been correctly recorded, the maimum wind

speed level would presumably have alternated between 600 sod 750 feet.

Through 2250 hours (Fig. 2) the top of the inversion remained at 750

feet. At this time the wind speed at 750 fept was ovfr 92 miles per hour

while at 30 feet it was 13 miles per hour. By 2320 hours the inversion had
propagated upward to 900 feet and it remained at this height until 0100. By

2350 the inversion layer between 150 and 300 feet, which fradually decreased

in intensity with time, had broken down and become isothermal. Thereafter,

a weak inversion reestablished in this layer several times; but in general,

the lower isothermal layer extended from 70 to 300 feet for the remainder of

the period. From 2320 through 0050 hours, the maximum wind speed was

obse-ived at 750 feet; but haj the correct wind data for the 900 -foot level
been recorded, the maximum would presumably have occurred at to00 feet.

From 0050 to 0250 hours the wind and temperature structures changed

rapidly, and Fig. 3 presents the wind profiles at 20-minute Intervals. At A10

hours the inversion ro from 900 to 1050 feet and by 0130 and 0150 hours the

top of the inversion was found at 1200 feet. From 0050 to 0150, marked

temperature decreases wore observed at all levels -- the least amount of

decrease below 300 feet and above 1300 feet anid the greatest decrease at about

the 900-foot level, Although they were not a0 sharp and distinct as the prf-

ceding maxima of wind speed, it can be seen from the wind profiles that the
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wind speed maxdma always occurred at the top of the inversion. The wind

n profiles also show an orderly decrease of wind speed with time between 300

and 750 feet and an orderly increase above 1200 feet. By 0210 hours the

inversion reached the uppermost level of the tower, but the temporal change

in the temperature profiles from 0210 to 0250 was chaotic, The wind profiles

showed that the wind speed maxima had broken through the inversion during

this period. The sharp reduction of wind shear between 750 and 1050 feet at

0210 and 0230 hours coincided with the nearly isothermal to isothermal layer

that existed between 900 and 1050 feet. This is evidence that mixing caused

the reduction of wind as well as the temperature gradients. At 0250 hours

the wind as well as the temperature gradients. At 0250 hours the wind speed

at the 1200-foot level was 63. 5 miles per hour while at the 30-foot level it

was 12.8 miles per hour.

The temperature profiles at 0300 and 0310 hours (Fig. 4) showed that

order was established with a strong inversion between 450 and 900 feet and

less stable layers below and above It. At 0300, the highest wind speed value

of 63.7 miles per hour was attained at 1200 feet while at the 30-foot level

wind speed was 14.9 miles per hour. At 0310 hours the low-level ipt showed

signs of losing its intensity.

CONC LUSION

Thie sequence of events pcesented here showed the systematic and

orderly growth of a low-level jet and the orderly upward growth of the noctur-

nal inversion despite the extremely large xind shears. It is evident that the

height of the low-level jet and the height of the inversion are closely related

-- in fact inseparable. It is also evident that the turbulent mixing caused by

the large wind shear was responsible for the breakdown of inversion,

especially in the lower layers.
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AERO SPACE DIVISION

THE BOEING COMPANY

ABSTRACT

Power spectral density methods, frequently employed in the determination of
flight gust loads, are shovn to be useful in the solution of the nonlinear
ground-wind drag problem. In the first nethod presented, the equations are
partially linearized so that classical power spectral technic'es can be employ-
ed with a spectral representation of the square of the wind speed. The second
method, applicable to nonlinear systems, involves the generation of a random
signal to apply to an analog simulation of the system. The random sigra!
fed simultaneously Into quasistatic and dynamic simulations, allowing the
determination of the degree of dynamic overstressing. Summary curves are
presented showing typical dynamic magnification factors for various values
of structural damping and frequenc; and various spectral representations of
the wind.

SYMBOLS

CA aerodynamic damping coefficient P C D (y)D(y) 6 2 (y) "
y n

C3
HB -jo 2 cD(Y) ') 6 3"d Y

CD  drag coefficient

D dimension of the area transverse to the flow, ft

DMF r dynamic magnification factor =Qd/Qs

Y -.. 2 1
F Force coefficient C (y)3(y) (y -. ' dv

f natural frequLncv of system, iPnn (f1  1 r

G - gust f~ctor = peak %kind speod/averag, ,ifei speed

L scale of turbulence, ft

[Mi] coefficient matrices in differential equations of motion, i 1, Z, 3
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fY
generaUzed masm, Blugs mr(y) 62(y)dy

m u mass distribution. Mlugs/it

P(Qs) - probability that qg Qs

q, - i th generalized coordinate, ft

a mean response to design wind

qs * quasistatic response to ground wind

qd a dynamic response to ground wind

Qs = quasistatic design response

Od = dynamic design response

t z time, seconds

TViw) a frequerny response function

V = wind speed at reference elevation, ft/sec

Vo  mean wind speed at reference elevation, ft/sec

VR = random winispeed fluctuation about mean V o , ft/sec

v(z)/V = wind profile

y - axial coordinate of vehicle measured from base, ft

Y = length of vehicle, ft

z = elevation atove ground, ft

= fraction of critical damping

p = air density, slugs/ft 3

V 2 =variance of random function V

c" standard deviation of random function

Oi(y) =value of i
t h 

mode at station y

OV :power spectrum of V

natural frequency of system - rad/st-c

-ucquency, cad/sec

reduced frequency, rad/ft :,/v
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ANALOG SYMBOLS

sumiming Amplifier

*~ +0 :(e 5e 2

fe

Integrating Arnplifier

el e. ed

e e ele?

Potentiometer,

e___ e 0 z pe1

INTRODUCTION

With t?.e arv'nt of 'erticallv rfsfrg high performance syst_ rils it, Many

cases ground wind conditions have become design conditions for a large portion

of booster structures as well as for hold-down struc.ures. The wind-induced

loadis consis, of drag loads in the dir-:Jiuin of the wind and oscillatory loads

primarily in a plane perpendicular to the wind. The lateral oscillations due

to steady winds have been the object of considerable recent research. The
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work of Fung1 , Ezra2 , and Buell is representative of this effort in which it

has been shown that on clean cylindrical configurations the lateral loads are of

the order of three to four times the drag loads. For lifting reentry vehicles,

however, drag loads resulting from winds blowing normal to the lifting surface

can be considerably more important that the oscillatory lateral loads. In this

paper the problem of ground wind drag response is considered.

To arrive at suitable design criteria, an environment and a method of

analysis must be specified. In the past, the ground wind environment has been

specified in terms of an average wind speed and a gust factor. The average

wind value is based upon extreme averages measured over short periods (one

to five minutes) and the gust factor accounts for the fact that, for a shorter

time during the averaging period, the wind must have exceeded the average by

a certain factor. For example, a wind criterion of 40 to 60 mph describes a

wind condition in which the average wind speed is 40 mph and the gust factor

is 1.5. In the construc-ion industry, the gust factor has been used to convert

peak measured average winds to peak winds for design pressure determinatinns 4

To the aerospace industry, the gust factor is more than a means for

determining a peak wind speed; it implies that a time-varying forcing function

is being applied to a lightly damped flexible vehicle, and a dynamic analysis

is needed to determine the resulting loads. Experience in the field of airplane

gust response has shown many advantages of power spectral density analysis. 5,' 6

This paper presents means of applying power spectral techniques in ground wind

analyses, rather than relying on a steady wind plus discrete gust solution as is

now common.

There are two problems basic to the use of power spectral methods in

gro'4nd wind analysis. The first is concerned with the nonlinear nature of the

response equations. A method will be presented based on partial linearization

of the equations to eliminate this difficulty, and an alternate ..cthcd requiring

no linearization will also be shown.

The second problem is basic to all spectral analyses -- namely, how are

design loads determined from a power spectrum. The expected number of

exceedances of various load levels, a standard product of the spectral analysis,

is useful for fatigue studies but leaves the question of what probability should

be selected for design load determination. It is also recognized that A rational

criterion cannot be based only on the limited number of wind spectra measured,

but niust be primarily based upon the great volume of vind speed data that is

constantly being obtained at weather stations throughout the world. The design

method that is pri.6nted ir this paper allows the use of the basic environmental

data (average wind and gust factor) and yet also makes use of the spectral des-

cription of the wind to determine the proper dynamic effects. The method
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ii nvolves the determination of a dynamic ma-fcation factor based upon an
equal probability of occurrence concept; that is, the DMF is the ratio of the

dynamic load erpected with a given probability to the static load expected with

the same probability.

BASIC POWER SPECTRAL RELATIONSHIPS

- The ground wind response of a slender vehicle cantilevered at its base is

given by equations of the form*

IMI] {-q} + [N' 21 { i + [MNI3] {qi}

wind (y) at th) e ion. It Z-(J V -d b ; oe ja d

0o L IV j= I

where the wind profil" '.(y)/V is the ratio of the wind speed at station y to the

wind speed at the reference elevation. It should be noteJ that Eq. (1) is based

upon tstrip theory' or two-dimensional aerodynamics and that possible un-

steady effects (time dependency of CD) are not considered. The expansion of

the bracket in the right member will yield a lengthy nonlinear expression

involving products of the various velocities. Fortunately the aerodynamic
loading is distributed continuously much like the inertial loading used to deter-

mine the normal modes. Therefore a small number of modes, possibly only

one, will provide a good description of the vehicle response. For clarity of
presentation only one mode will be considered in the remainder of the develop-

inent, and it "ill be assumed that the modal displacement is the response

item of interest. The conclusions that will be made are equally applicable to

bending moments or other load items of interest. Eq. (1) in its simplif4-ri

form is now written as

M" + 2 m + M y q F V  c ACvq + C 13 • (2)

The single degree of frcedonj efquation is still nonlinear and the usual power

spectral me!thods of solution are not applicable. The magnitude of the nonlincar

terms have been discussed in detail, 7 The term involving the square of the
response velocity is very small and can be dropped a' this time. The aero-

dynamic danping term, CA V, in general should not be dropped, but replacing
A

* It is assumed throughout that V > 0 and 'v - Y '6 J. I ',

8 5;
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i
it by an cquivalent damping term, CAVo 4, is suggested as a practical means
of linearizati~on. It in difficult to generalize on linearization methods for all
configurations, and some thought should be given when this method Is applied

to a particular configuration. To the extent that the method is not exact, it is

probably conservative in that the peak responses occur when V>V 0 or the

actual time dependent damping coefficient is larger than the equivalent coeffi-

cient at that time.

VThe response equation is now linear, considering the forcing function to
be V:

°q=F 2F(Voz + 2)MI' + (2M l + CAV 0 + m q = FV = 0 + 2VoVR (3)

where the wind speed is defined as a mean wind, Vo, plus a random wind, VR.,

with zero mean.

When a time average is taken of the right member of Eq. 3, it can be

seen that the mean value of the forcing function is given by

FV F (V 0 + 7) (4)

where
2 lira 1 T 22 _m 1R (tdt = the variance of V.

-T

Power spectra of VR have been measured and it remains only to find the

power spectrum of V2 = (V0 + V a) 2 . Rice 8 has developed an expression for

the spectrum of the square of a sinusoidal signal plus a random signal. A

similar derivation shows the desired spectrum of V 2 to be

Z(") = 4V32  W() + " (f) ( - ) d (S)

V VR + .0R - c R

for frequencies other thian 0 = . In evaluating the convolution integral, by

definition,

Prt R

From the usual input-output spectral relations, the power spectrum of the

response item of ite rest can now be obtained by

Oq(L) = T(>)Z Z ) 8 (6)
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where
T( F

z_ 2
M( + i WM(2 M I + CAV)

the frequency response function.

Thus the mean response is obtained from Eqs. (3) and (4) as

a Vz + 0 21 (8)

and the variance is given by

q f q(, )d ,(9

0

GROUND WIND SPECTRA

To conduct accurate ground wind spectral analyses, it is necessary to

specify accurate wind spectra. As is the case for higher altitude gusts, only

enough spectra have been obtained to fix the gene,"al shape of the spectra, and

the magnitude is still quite dependent upon other measurements. The avail-

able spectra have been obtained both by tower measurements and by low flying

airplane measurements. In either case, the hypothesis of G. I. Taylor"9 has

beun applied to convert the time spectra to space spectra by the relationships

V 0 a

This equivalence seems valid for the airplane data, but is satn'..hat question-

able for the low frequency eni of the tower data. The applicability of Taylor's

hypotht sis has been discussed in detail by Henry
I 0 

and Lappe and will not

1,, discussed her,,. The question is somewhat acad2mic for the present appli-

cation beca'aze most of the data were measured on stationary towers as a

function of time and will be applied to a stationary vehicle as a function of time.

hs the conversion to a space spectrum could be looked upon as a cunvenient

wsv to .tre m,(asiiro, spectra.

Two spectral forms art, presented in this section, the first du to Henry
t 0

and the second the well knovwn expression for isotropic turbulence:



e

[ O~~~. 0206Vo5/3 tnh( -- po6 8 . 2 0 '

2 L

2o 7 z/ --- , 0 (')
"Z(I

t() c2 l L z o 11n

where L is the scale of turbulence and z is the elevation above the ground.

Various values have been suggested for the scale of turbulence at low altitude,

ranging in value from 200 ft to more than 1000 ft. It is not within the scope of

this paper to decide what value is most appropriate. Since the response of the

vehicle does depend upon the input spectrum selected, however, three spectra

will be considered in the remainder of the paper (Eq. (10), and Eq. (11) with
L - '100 ft and L = 1200 ft).

Henry's expression allows calculation of the variance of the turbulence

in terms of V o and z, whereas Eq. (11) gives only the frequency content. If

Henry's spectrum is approximated by its asymptotes, the resulting expression

can be integrated in closed form to give

27v 2 4. 5 (. 0206) (68. 2)2/3V (12)

The preceding expression will be used for oV2 in Eq. (11).

Now attention will be turned to the determination of Vo . A great volume

of data has been measured by weathrr stations and reported in terms of fastest

miles of wind experienced for various observation periods. For example,

Thom 1 2 shows fastest rnil-'s expected in the United States with return periods

of 2, 50, and 100 years. Thus the most reliable data on V0 comes from records

averaged over one mile, and fastest mile values arc recommended in preference

to five-minute averages previously used. It should be mentioned here that

fastost mile averages are higher than five-minute averages and therefore a

lower value of the gust factor should be used with the fastest mile average.

Yo1- illustrative purposes, a value of 1.4 will be used in this paper.

Since the design wind model to be synthesized is based upon data obtained
from two different sources -- average sp-,eds from weather bureau stations and

power spectra from rusearch programs -- care must be taken neither to omit

certain effects nor to include them twice. A point in queation deals with the

long gusts on the low frequency end of the spectrum. The random wind des-

cribc. bv the power spectirum has by definition a zero mean, and th-reforr it

should not contain turbulence components that are longer than the averaging

period used to compute the mean. To compute a one-mile moving average,

visualize a long record of random wind speed, The random fluctuations a1Xut
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this average will contain only the higher frequencies which did not contributeI. to the moving average. In actuality, the fastest mile recorders do compute

moving averages, the maximum value of the moving average being defined as

the 'fastest mile.

The spectra that describe the turbulence referred to as the one-mile

moving average can be obtained by multiplying the spectra of Eqs. (10) and (11)
13

by a function representing the moving average operation. Eqs. (10) and (I1)

now become .0 0 V°5/ 5  (68.2 z) [- sin 2640 j 2 (13)

0. 06 0

2V 2 L 1 2 sin264001
2

1+L 2 f o 6400 (14)

It should be pointed out that the attenuation function used above represents a

continuous averF:ing process whereas the fastest mile instrument records

discrete averages at one-mile intervals.

Wind speed spectra with and without the low frequency attenuation are

presented in Fig. I for V. = 60 ft/sec and z = 60 ft. Power spectra of V 2

from Eq. (5) are also evaluated for these conditions and are shown in Fig. 2.

It should be pointed out that the convolution integral of Eq. (5) contributed

very little to the spectrum of V 2 in this case. This is not true in general, but

is true in this example only because V0 2 >> 6v2. It should also be pointed out

that the convolution integral tends to give more power to the higher frequencies.

For example, if the spectrum of VR had a predominant spike at (11, the con-

volution integral would produce a spike at 2 aI"

DESIGN METHOD

In this section, a method is presented whereby the power spectrum of the

output can bo used to determine design loads. The usual criterion of a steady

wind plus gust is employed and the power spectrum is used only to determine

the magnification expected die to dynamics. The steps in the solution are:

(I) calculate the ijasistatic* design load by a discrete analysis, (2) from the

pnwer spectrum of the quasistatic load, compute the probability of exceeding

C;n this paper "quasistatic" refers to a response obtained from an analy-
sis in which damping and inertia forces are omitted. Thus the ruesponse at any
instant of time is directly proportioned to the forcing function at that same
instant of time.
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I

the quasiutatic design load, and (3) from the power spectrum of the dynamic

load compute the dynamic load that will be exceeded with that same probability.

This is the design load that includes the effect of dynamics.

If dynmmics are not considered, the quasistatic design response from

Eq. (3) is

L s F 2(1
Q8 2 (G -V 0 )

M

The quasistatic response can also be obtained frnrn s power spectral solution

employing Eqs. (6) through (9) by setting

T (i() =T( 1 0) (16)

in Rq. (7).

From Eqs. (8) and (9) the mean and standard deviation of the quasistatic
response are obtained and, assuming a normal distribution, the probability

that the quasistatic response will exceed the quasistatic design response can

be obtained by solving the following expression for P(s:

'" I -( f _ q)2/2 (T 2 de (17)P(Qs s  e %

With the substitution

= x

Eq. (17) becomes

P(Qs)= f e'/2 d, (18)

OYqs

A similar development for the dynamic response will lead to the expression

Co 2
P)Q d e dx . (19)
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The dynamic response that will be exceeded with the same probability as the

static response (P (Cs) * P (Qd) ) Is found by equating the lower limits of

integration of Eqs. (18) and (19), or

-~ 1qd

Qdq+ (Qs- q) ~-(20)

The dynamic m,'agnification factor bascd on an equal probability concept is

defined to be

DMF -d/ (!)

APPLICATION TO A TYPICAL MISSILE

For purpose of illustration, the method outlined in the previous section

will be applied to a typical boost glide vehicle. The basic configuration 7 is

shown in Fig. 3. It should be realized that the results presented are applica-

ble only to vehicles similar to the one analyred ind are not to be used as

design curves for all vehicles. For the vehicle studied, Eq. (7) has the follow-

ing form:

0. 00236
) 2 + i. (2C U1 +0.151)

Power spectra were computed for a number of values of u1 and 4 and for the

three input spectra defined previously. The results are shown in Table 1.

The results are also plotted in Figs. 4 and 5 along xith results obtained from

a nonlinear study.

Effect of Natural Prequency

Equations (7) and (16) indicate that the dynamic frequency response

function builds up to a peak near , and then drops off to zero, whereas the

quasistatio frequency response function remains constant for all frequencies.

Therefore the dynamic and quasistatic output spectra have the form shown In

Fig. 6 and the variances are functions of areas I, II, and III as follows:

qd
2 "- I -IIN

qs
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TABLE I

RESULTS OF LINEARIZED SPECTRAL ANALYSIS

Input fl qq IMF
Spectrum {

Eq.(13) .1 .1 22.1 40.3 4,99 6.00 .92
.5 .1 .884 1.612 .282 .24 1.08

1.0 .1 .221 .403 .0772 .060 1,13

1 .04 22.1 40.3 5.55 6.00 .97
.5 .04 .884 1.612 .337 .24 1.16

1.0 .04 .221 .403 .086.6 .060 1.20

.1 0 22.1 40. 3 6.27 6.00 1.02
,5 0 .884 1.612 .485 .24 1.46

1,0 0 .221 .403 .145 .060 1.64

Eq.(14) .1 .04 22.1 40.3 7.02 6.32 1.05
L = 400 .5 .04 .884 1.612 .293 .253 1.07

1.0 .04 .221 .403 .0714 .0332 1.06

Eq. (14) .1 .04 22.1 40.3 5.29 4.90 1,04L 1200 .5 .04 .884 1.612 .2145 .1960 1.04

1.0 .04 .221 .403 .0529 .0490 1.04
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It caz be seen that for high f1

II

-for ver o

DN F < 1.0;

Thus there Is a critical natural frequency foe, ground wind drag pr-oblems; which

appears to be of the order of 0. 5 to 1.,0 cps.

f'ff,-et of Structural Damping

lThe effect of darnping is more pronounczJ in spectral solutions than it

is in discrete solutions. For moderate amounts of damping, the spectral

mtihod outlined in this paper wilgive lower magnification than would be oh-

tatetci from a critically phased discrete solution. For very low damping,

meethe spectral method shows higher loads than would be obtained from

a discrtut- solution. It is fclt that one of the major ad~vantages of spectral

-nl'mtjons is that they show the proper effects of damping. This in turn points

out the. ne~d for an accurate determination of damping.

At leN natural frequencies, the efruct of structural damping did not

app,'ar to be very significant. This was true because aerodynamic damping

I caioe relati%-lY large at the low frequencies. In this regime the practice

of linearizing aerodynamic damping might be niestioned.

Effect of Input Spectra

The choice of the input speotr.m had a sig', ficant effect on the results.

Henry's spectru-m in particular w;as most severe, because it h~'t cL-latlvelY

we -re Pn%%r in fh-, higher frequencies Ahich tend to phase with the vehicle

resrons, freqenev. There is a need for mrer meteorological research in

this area, witih ernphas's on extending the spectra to higher frequencies.
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Ii* METHOD FOR NONLINEAR SYSTEMS

In this section a method is presented for computing dynamic magnifi1ca-

k ltion factors for svstcnms that cannot be linearized, The assumption of nor-

fliality employed In E'q. ( 17) is not needed, hut the equal probability concept

is still used,

jF Solution of Nonlinear Equations

The so!Ltiun of the nonlinear response cquation, Eq. (2), is obtained by

the use of nonlinear analog equipment. A schematic diagram of the circuit

used is show~n in Fig. (7). A more complete description of the use, of analog

computers in the solution of ncnlinear problems has heen given. 7Thc In p ut
to the problem con~sists of a steady wind, V 0 1 and a random -, ind V., defined

by the power spectra of Eqs. (13) or ( 14). The randonm signail is obtainedi by

filtering the output of a white noise generator so that it hwq P. pow er spetrumi

equivalent to that of ground w-.ind turbulence, The, filter used to slnlulate the

turbulence of Eq. (13) is shown in Fig. 8a. The numirrical vnlues reflect the

change from a space spe-ctrum to a time spectrum and an additional time, scnle

change to speed up the analog operation. Less complicated filters canl he used

depending upon the accuracy' desired. For example, the spectrumn cf Eq. (11)

can be simulated by a simple R-C circuit as shown in Fig. 81b.

fletor-ninstion of Dynamic Aagnification Factor

To coinpute, th- magnification factor of En. , it s tieessarv to cum-

pare the dynamic response with the quasistatic response obtain.,d from the,

solution of

FV~2 (2?)

This can be accomplished 1 ' solvirig Eqs. (21) arid (22) simultaneously on the

analog computer, thus obtaining continuous traces of q()and q,(t}. Com-

parison of the dynamic and quasistntic records .%ield5 the magnification factor.

The comparison is made by considering the n~strihution!F of maxlimenm values

of bath the quasistatic and dynai-ric response s, The sets of maximum values

are obtained h1% divldi ng the randomn recordsE into a numnber of small time

increments and recording the maxiim ou in each increment, The cumu-

lative distributions of quasistatic and dy-namic peaks can now be plotted on

probability paper and the dynamic and static response peaks and q5 which

Ol
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are expected with equal probability can be obtained for use in Eq. (21). Ap-

plication of this factor to Qa can determine the dynamic design response, Od'

expected from the stated criterion.

It should be pointed out that this method is based upon comparing die-

tributlons of maximum values of the responses rather than distributions of

the responses themselves as was done in the linear case, The -maximum

value comparison is more meaningful from an engineering point of view since

" maximum values are required for design purposes. Also it is much easier

to obtain distributions of maximum values from a visual comparison of analog

records than distributions of the variable itself.

Numerical Results

The nonlinear method was applied to the vehicle previously analyzed

over the same general range of parameters. For each analysis, the vehicle

was exposed to the random wind for 45 minutes of "real time. " By a time

scale change, the analog time was reduced by a factor of 10, however. The

peak values were selectcd from one-minute time increments, or in some

cases 30-second time increments. Typical distributions of peaks are shown

in Fig. 9 which illustrates the computation of the magnification factor. The

probability level at which to compute the ratio requires comment. The low

response values (exceeded with a high probability) should not be compared

because they do not represent significant loads. The highest values should

not be used either, because little statistical reliability can be placed on these

values. In this study, the response peaks that were exceeded 10 percent of

the time were used. As can hu seen from Fig. 9, there would be no difference

in choosing a different probability level for this example. For some cases,

however, the results would differ slightly if different probability level-'kere

used. The results of the study are shown in Table 2 and Figs. 4 and 5.

In general, the same comments can be made as were made in discussing

the linearized solutions. Certain particular comments should be made, hnw-

eve r.
a. The two methods show remarkably good agreement. There does not

appear to he any discrepancy that can be attributed to comparing

responses in one case and peaks of responses in the other case.

b. The largest discrepancies occurred ac (f] r 0. 1). For this case

the aerodynamic damping is much more significant than the struc-

tural damping, and the damping lincarizatlion is iast justified. The

linear analysis gives higher values in this case for the reasons dis-

cussed earlier; that is, the time-dependent aerodvnamic damping

coefficient based on wind speed V is larger than the equivalent

coefficient based on o  hV r the peaks occur.
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RESULTS FROM NONLINEAR ANALOG STUDY

Input if DIMF Inpu f DMF
Spectrum Setu

i-Eq. (13) 1. 1 .85 Eq. (14)
.5 .1 1.11 L 400 .1 .04 1.02

1.0 1 1.13 .5 .04 1.11
2.0 .1 1.07 ,1.0 .04 1.09

2.0 .04 1.05

1 .04 .85
25 .04 1.11 Eq. Q4)

.5 .04 1.22 L 1200 .25 .04 1.05
1.0 .04 1,20 .5 .04 1.05
2,0 .04 i. 13 10 .04 1.04

.0 .04 1.08

1 0 9
5 . 0 1. 51

1,0 0 1.60
______ 2.0 031.66 ___ __ ______

CONCLUSIONS

In the determination of dynamic drag r-sponse of a slender flexible

vehicle to ground wind, power spectral density techniques offer the best

method of evaluating the effects of the natural frequency and structural damp-

ing of the system. It is felt that wind spectra are not wvell enough defined so

that one could specify an average wind plus a gust spectrum to be used for

design in place of the average wind and gust factor now specified. Wind

spectra, however, can be used to define the frequency content of the gust and

thus permit a more accuratu determination of the dynamic effccts.

In view of the effect that the choice of the input spectrum has on the

DMF, morn research work is needed to fix the form of the input siecctrurn,

especially at highn frequencies. In psrticullar, this rpe-ctral inforronien sho"uMd

be gathered under conditions of the nighest wind speed possible.

Linearization of aerodynamic damping app-ears to be justified oxccp! in

cases where thL- aerodynamic dampinr, is large co-ipared to structteral da~n-n-

ing. In these cases, the linear~zation method suggested is conservative.
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* Prh ro m Asso6d with Lwa h of Wind4inited Space Boosters

SOL LUTWAK
It._

k- SPACE TECHNOLOGY LABORATORIES

ABS TRACT

Space boosters that are combinations of existing stages often must be launched
under restricted altitude wind (onditions because of structural or control limi-
tations. The probluis associated with specifying wind limitations and defining
the 'probability of launching' for these vehicles are discussed in general terms.
The necessity for operational prelaunch procedures to insure that the wind or
angle of attack ltiations are not exceeded on a given flight is also discueced.
Prelaunch procedures for the Able-5 Lunar Probe launch are described
briefly, and altitude wind forecasts and the results of prelaunch trajectory
simulations are presented.

NOTATION

Mal Limit allowable bending moment, in. lbs ultimate moment

divided by factor of safety z Mt/FS

MI Limit moment capability 'M - p

Mequi v  Bending moment that produces the same stress as an axial

load = P x I- for a thin-walled cylinder

Mbuffet Bending moment due to buffeting or unsteady aerodynamic

effects

Mgus t  Bending moment due to gusts

Mslosh Binding rnoment doe to sloshing

M Bending moment due to 'steady state'nngle of attack

P Axial load, lbe

Radius of vehicle, in.
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q Dynamic pressure - P V * paf

V Vehicle velocity, fps

a Angle of attack, deg

P Atmospheric density, slugs/ft3

tI

* INTRODUCTION

The purpose of this paper is to discuss the problems associated with the

launch of a space vehicle booster that must be restricted with respect to the

altitude winds through which It can fly because of structural or control limita-

tions. An altitude wind operating limitation is often one of the restrictions for

space booster vehicle systems that use combinations of existing stages. These

stages were ociginally designed for other missions, particularly weapon sys-

tems applications, and are not optimum designs for the space booster mision.

Specification of altitude wind operating limits fo' these space boosters will

often eliinate the requirement for extensive modification to the structure or

other hardware, which in turn will save money and expedite the schedules for

the development of the vehicle.

It is apparent that the operating limits must not impair the operational

capability to the extent that they cause very great probability of delaying or

postponing the launch of a space booster whose mission requires launching

during a limited time interval. In addition, the actual launch operation for a

wind-limited booster will require altitude wind soundings and launch-time wind

forecasts. Procedures for rapidly evaluating these wind data must be part of

the prelaunch operations.

The paper will point out some of the problems involved in establishing the

wind limitation, specifying the 'probability of launching' and providing prolaunch

support for a space vehicle that is wind limited. These problems differ from

those encourtercd when a weapon system is designed to a low-risk wind speci-

fication. The weapon system, which must be designed to conservatively defined

altitude winds, can be launched at any time without a requirement for prelaunch

wind information, and its probability of surviving the altitude wind environment,

for present systems, will be at least 99 percent. For a wind-limIted space

booster, the 'probability of launch' must be determined early in the design

phase; this probability is, of necessity, based on higher-risk wind specifica-

itons and may not be overly consprvative. Then just prior to launch, when the

approximate wind environment for the launch is known, it is necessary to

establish with high confidence that the prooability of successfully flying through

the Kno,; winds is very high--approaching 100 percent.
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f DISC USSON

Design Approach for a New System

The ideal approach to design of a new ballistic missile or rocket booster

vehicle to survive altitude winds is first to select a wind criteria with a very

low design risk. As an example, the wind profile uscd for ballistic missile

design is based on wind shears and velocities that are expected to be exceeded

only one percent of the time during the windiest season of the year in the

windiest area of the contlnental United States. The vehicle structure and con-

trol system are designed to these conservative criteria. And, presumably., if

this design is within the overall system limitations of cost and performance,

the vehicle system will have a probability of launching of nearly 100 percent

with respect to altitude winds.

Design Approach for a Combination of Existing Stages

If existing stages are incorporated in a space booster, it is very likely
that the strtngth of the vehicle wrill not allow use of the first approach without

extensive structural modifications. The problems are similar if a control

system limitation exists. To avoid making structural modifications to the

vehicle, it is expedient to specify an altitudp xind ,,en , .'.imitation for the

system. The altitude wind limitation for the vehicle is based zn the ca)ability

of the minimum strength portion of the structure.

Procedures for dcfiing the wind limitation and specifying the probability

of launching for the vehicle must consider :h, strerith capability of the struc-

ture., the applied loads, the variation of load ,%ith anglo of attack, and the

correlation between thp ind velocities and the vehicle angle of attack. The

various aspects of the problcm are discussed in detail below.-:

Strength capability of the structure

The ultimate strength of the structure can be defined as the load at which

the structure will collapse or rupture. The ultimate load is gene r;!lv deter-

minrd from anlves and tests. The lim.allowable load is the ultimate lod

divided b v a factor of safet%. In an efficient design the applied load will equal

the limit allowable load. WVher the operating limit is established, the2 angle of

attack is predtcated on achi",ving the limit allowable load.

The limit allowabhl moment will be defined as T t,,_ For a thin-walled

cylinder, which is tpcal of missile structures, the eo!ivalent moment that

preduces '.sani stress as an appeied axial icar, P, load is given by

i equiv o 2 P

-'here R is the radius of the vehicle_ at the appropriate station.
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At any time in flight the structural capability that is available to sustain

bending moment is

Mavail 0Mall 2

The moment capability varies with time because of dependence on the variable

raxil load, P. Additionally, if a propellant tank is critical, its capability,
which is dependent on pressure, will be affected by a time-varying internal

tank pressure. The ezternal pressures and vented compartment internal

pressures also vary with time. As a result of these time-varying factors,

different portions of the vehicle structure may be critical at different times.

Applied bending moments

The applied bending moments that the vehicle encounters arise from
winds, which cause an essentially rigid body response, and from propellant

sloshing, gusts and unsteady aerodynamic excitations such as transonic

buffeting that cause both rigid-body and elastic responses. To establish the

bending moment due to gusts, it is necessary to select a design gust. A dis-

crete or spectral gust approach can be used and the appropriate shapes, wave

lengths and velocities defined. Since the vehicle is expected to encounter

moderate winds in this application, it might be reasonable to use moderate

gust velocities rather than extremes. A low-risk gust criterion at this point,

however, will introduce conservatism in the analysis. The gust bending

moment calculation should consider elastic body response and the control

system dynamics.

The bending moments that result from unsteady aerodynamic effects

are generally obtained from missile response calculations based on wind

tunnel data from tests on the particular vehicle configuration. The sloshing

bending moments referred to here are those that can result from a sloshing

limit cycle, or oscillation that results from feedback between the sloshing and

the control system. This limit cycle does not exist on all liquid propellant

vehicles; however, if one is expected, the magnitude can be estimated from

flight data, or analytical results. The bending moments due to any other

effects should also be determined.

At a given vehicle station the moment capability that is available to carry

the steady state wind moments is given by

Ma = Navail " Ngust " Mbuff " Mslosh " and so on.

Limiting angle of attack

Sincc Lnost boost vehicles fly very nearly trimmed, the bending moment

at a given flight time iq a direct f- iiction of angle cf attack, a, or the product
1,12
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of dynamic pressure and angle of attack, qa. Hence the limiting angle of attack,

a, can be established and is given by an equation of the form

Note that it h"u, ,not hen necessary to makc any absumptions with regard

to winds in arriving at the angle uf attack limitation. This limitation is pri-

marily a function of the strength capability and the vehicle response to other

than the steady state winds.

Limiting wind velocity and probability of launching

As is apparent from the previous discussion, the operating limitation for

the space booster is an applied bending moment limitation, which impliep an

angle of attack limitation. If it were possible to cstablish a valid correlation

between the wind velocity and the vehicle angle of attack, then the operating

limit could be stated directly as a wind velocity limitation. The probability of

launching the vehicle could then be determined quite accurately from available

wind statistics for the launch site.

It is well known to missile uesigners that the vehicle response, or angle

of attack, cannot be simply related to the wind velocity at a given altitude. The

integrated cffect of the winds b-olow the altitude of interest, has a significant

influence on the angle of attack. The use of wind profiles (which have assumed

correlations between the peak wind at the altitude of interest and the winds below

this altitude) to compute the vehicle angles of attack has the advantage of sim-

plicity. It is difficult, however, to define a wind profile producing a load or

angle of attack that has strict statistical meanirg. A comprehensive review

has been provided 2 of the wind profile design approach that has been used in

the missile industry. Also presented are the results of missile load calcula-

tions with a selected group of actual wind profiles; a load history is obtained

from each profile and the load statitics sr", based on the missile response

rather than on the wind velocities.
A number of studieF2 have shown that the angle of attack associated with

a low-risk design wind profile (with a peak velocity that is exceeded only one

pLercent of the time) is generally a conservative value and is acceptable for

design use. The use of profiles to establish a correlation of angle of attack

with wind velocity when the peak wind velocities are nigh would be expected to

yield reasonable results because the profile,- ;snsciated with high wind veloci-

ties are usually unidirectional and have fairly typical shape s, Thu profile ap-
proach, however, is believed to have serious limitations i, predicting the an"gle

o" attack associated with low velocity winds, When rather low peak-wind

velceities are being considered, wind direction shifts below the altitude of

i1:3
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L: interest are very likely. The greater variability of low velocity winds makes _
L the task of defining a conservative, or even a typical, wind profile difficult.

To establish the correlation of velocity with angle of attack, tajectory

I calculations can be performed with a number of 'synthetic' wind profiles that
peak at varying velocities. Winds that peak at several altitudes must be

considcred. Experience has shown that the altitudes near maximum dynamic

pressure (30, 000 to 40, 000 ft) are usually critical; however, there have been 1

instances in which altitudes near the transonic regime of the trajectory (ap-

proximately 20, 000 ft) were also critical. The trajectory calculations will

provide a variation of angle of attack with wind velocity at the altitudes consi-

dered from which the limiting wind velocity can be estimated. The probability

of launching can then ba based on the probability of encountering the limiting

wind velocity. It must be recognized, however, that the results obtained from

the synthetic profile approach will be approximate; this will be particularly

true when low peak-wind velocities are being considered.

There are alternatives to the use of synthetic wind profiles in establish-

ing the probability of launching a wind limited vehicle. A procedure similar

to that described by Hobbs 2 can be used. The response of the vehicle to a

statistically significant number of actual wind profiles can be established. The

probability of launching can be based directly on the probability of encounter-

ing the limiting angle of attack. This approach, which inherently should yield

the most satisfactory results, requires that a 'typical' or proper set of actual

wind profiles be selected. The Patrick Air Force Base wind profiles and the

200 Birmingham, Alabama profiles 2 have beer oriented toward low risk design

winds and might not be entirely satisfactory for design studies with wind-

limited vehicles. In addition, the amount of computation required in the past

has been inconsistent with the time scale of the space booster design studies.

Another alternative to the synthetic profile approach is a possible

modification to the response matrix procedure presented by Trembath 3 . This

procedure can be used with wind statistical data similar in form to that given

by Court4 .

No matter what approach is used to establish the probability of launching,

the results of the study must be available early in the design phase. The

launch probability must be compatible with the mission launch requirements,

otherwise the system will not be developed.

Prelaunch Procedures

Before the actual launch of a wind-limited booster, it is essential to

estabish that the wind limitations, or the angle of attack limitations, will not

be exceeded during the flight. For the Able-5 lunar probe, procedures were

114



I
incorporated as part of the prelaunch operation to obtain and evaluate altitude

I wind forecasts and soundings. The launch of the vehicle was contingent on the

_ , results of these evaluations, The prelaunch procedures involved obtaining

altitude wind forecasts for launch time, performing a trajectory simulation

based on the forecast wind data to obtain the expected angle of attack, making

a go-no-go decision with respect to the altitude winds, and examining wind

soundings obtained just prior to launch to insure that the trajectory simulation

results are valid.

The wind data supplied was wind velocity and wind azimuth at 2000-ft

altitude increments from surface to 60, 000 ft. The range weather office

supplied altitude wind forecasts for launch time (T-0) at T-24 hrs, T-12 hrs,

and T-5 hrs. Altitude wind soundings were supplied from balloons released

-t T-3 hre, T-2 hrs, T-1 hrs, and T-0. The T-12 and T-5 hr forecasts

referred to the time the forecast data were supplied to STL; these forecasts

were based on altitude wind soundings from balloons released at approximately

T-13 hrs and 7-6 hvS, as well as other appropriate meteorological data. The

wind sounding time refers to the time the balloon was released.

The T-24 hr forecast generally served to alert personnel. Decisions to

launch could be based on the results of the T -12 and T -5 hr forecasts. Since

it was necessary to have a go-no-go launch decision prior to removal of the

gantry tower, and T- 5 hr forecast was the latest data thnt rnl,1d he used. ih

T-3 and T-2 hr %,."nd souijJiugE ser-ed to 6-oz fin A T-5 hr forecast. Tne

T-1 and T-C soundings provideo wind data just orior to and after the laurch,

which were used for flight test (valua.on.

in the preliminary planning of the prelaunch procedures for the Able-5

lunar probe, it was thought that go-no-go wind velocities could be specified for

the critical altitude ranges. Use of wind velocities alone as launch criteria

was expected to simplify the prelaunch operation to some extent, since the

launch decision could be made quickly at the launch site. This approach, which

was later abandoned, involved the following:
(a) If the wind velocities obtained from either the T-12 or T-5 hr fore-

casts exceeded the specified maximum values in the critical altitude

ranges (18, 000 to 22, 000 ft and 30, 000 to 45, 000 ft) the launch WaS

postponed.

(b) If the T-12 and T-5 hr forecast velocities were less than the specifipd

minimun' values, it was permissible to launch without further investi-

gation.

(c) If the forccast ,vind vclocities x,,-r, hptween the specified maximun

and minimum values, a trajectory simulation using the forecast wind

profiles would have to be performed. Launch would be contingent
upon the results of the trajectory simulation; the computed angles of

attack would have to be below the limiting vs 1 Iee.
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The go-no-go wind velocity prelaunch procedure was abandoned because

the trajectory simulation, which involved a great deal of set-up time, was

already available. In addition, the conservatively low minimum velocities

specified for (b) were quite restrictive, especially in the 18, 000- to 20, 000-fl

altitude range,and would have resulted in a requirement for a trajectory simu-

lation most of the time. It was decided to perform simulationg for all fore-

casts and rely on the computed angle of attack, rather than the wind velocity

alone, to arrive at a launch decision.

The trajectory simulation used is a digital procedure that considers a

rigid missile and includes the control system dynamics; pitch and yaw plane

responses are computed separately. The wind azimuth and velocity at the

2000-ft altitude intervals are provided as input. The procedure resolves the

wind into the pitch and yaw plane components, computes the time history of

angle of attack, engine angle, and dynamic pressure in each plane, and obtains

the combined angle of attack. A typical simulation of this type requires 10 to

12 minutes of machine time on the 7090 computer for 80 seconds of flight time.

Since the Ablp-5 vEhicle was launched from the Atlantic Missile Range

and the computer facilities were in Los Angeles, transcontinental communica-

tions were involved but did not pose a problem. The wind forecasts were

phoned to the Space Navigation Center at STL. Input of the data, computation,

and transmission of the results to the test conductor were accomplished in

approximately one hour. The altitude wind go-no-go decision was made prior

to the time the gantry tower was removed (approximatcly T-3 hr). The T-3

hr wind sounding data was supplied at T.2 hrs and provided a check of the T- 5

hr forecast, but nominally no simulation was to be run with this sounding. If

there was a significant change in wind velocity or direction from the forca.t

values, however, there was sufficient time prior to launch to run a simulation

as a check on the angle of attack.

Limitations of Prelaunch Simulations

It is apparent that there are tolerances associated with the input data
and with the computed results obtained from a prelaunch trajectory simula-

tion. There will be variations in the actual flight trajectory from the nominal

values used for the simulation. In addition, the assumptions used to define

the vehicle properties, such as weight, aerodynamics, and control system

dynamics, will affect the validity of the results. The primary tolerances are

believed to be those associated with the wind forecasts, These are a result

of the time lag between the forecasts and the launch, and are also influenced

by the distance between the balloon and the vehicle at the altitude of interest.
(This distance vnried from 5 to 30 miles for the soundings obtained in this

launch operation.) It is believed, however, that if the technique used to obtain
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the wind data and the aceuracies involved are undersmood by the engineer

there should be no problem in properly (or at least safely) defining the opera-
~ting limits.

The validity of results of prelaunch simulation will improve as flight

experience on vehicles in gained. Improved techniques, such as rocketsonden

or dropsondes, for obtaining soundings in the vicinity of the launch site might

I be required. The launch-wind vehicle-interaction problem still requires

considerable study. An interim solution for launch of wind-limited vehicles

is to specify obviously conservative operating limits; this will be a satisfactory

approach so long as the operational capability of the vehicle is not significantly

irpn.red.

RESULTS OF ABLE-5 PRELAUNCH SIMULATIONS

The Able-5 iunar probe consisted of an Atlas first stage, an Aerojot

AJ-10-101 second stage, and an ABL 248 third stage. It was necessary to

launch the vehicle under restricted altitude wind considerations because of

structural limitations in both the first and second stages.

The prelaunch wind forecast data, wind sounding data, and trajectory

simulation results that were obtained for the two launches of the Able-5 lunar

probe are presented in Figs. I through 4. The data from the 25 September
1960 launch illustrate a condition where the winds were very low in velocity

all the way up to 50, 000 ft (less than 50 fps) but variable in direction near the

transonic altitude (20, 000 ft). The data from the 15 December launch illustrate

a condition where the wind direction was relatively constant and the peak wind

volocity was incdcra., ,70 Li) -, ,. . . sre

(35, 000 ft).

For the 25 September launch the Ab-5 ...... li*n ngiez of attack were

3.8" near 20, 000 ft (transonic) and 5.0" near 35, 000 ft (maximum dynamic

pressure). A minor structural modification was made for the 15 December

launch and the limiting angles were 4. 5 (transonic) and 5.0" (maximum

dynamic pressure). The limiting angles of attack are indicated on Figs. 2 and

4. The launch azimuths for the flights were approximately 100".

Figure I shows the T- 12 and T-5 hr wind forccasts, and the T-3 hr and

T-0 wind soundings for the 25 September launch. The computed angles of

attack based on the T- 12 hr forecast, T- 5 hr forecast and the T-0 wind sound-

ing are shown in Fig. 2.

The T-12 hr forecast indicated an abrupt change in wind direction (I0'

to 310) near 15, 000 ft with very low wind velocities. As can he pen In Fig. 2

this direction change resulted in an angle of attack of approximately 3. 3 near
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the transonic altitude. Since this was close to the limiting angle ot attack

4 of 3. 8, a possible flight postponement was indicated. The actual launch

decision, however, was based on the T-5 hr forecast. The simulation based

on this forecast resulted in angles of attack (Fig. 2) that were well below the

limiting values. j
It is important to point out that a prelaunch procedure based only or a

go-no-go wind velocity would not have indicated that the vehicle response was

approaching a limiting condition for the T-12 hr predicted winds. An an

example, the T- 12 hr forecast wind velocity at 20, 000 ft was approximately

16 fps, while a go wind velocity may have been estimated to be 65 fps.
A further examination of the wind profiles in Fig. I shows that the T-3

nii ndninc was in reasonable agreement with the T-5 hr forecast, but that

at T-0 the wind direction did shift significantly at a number of altitudes. The

wind velocities ior all the forecasts and sounding were in good agreement. It

is of interest to note that hurricane 'Florence' had moved Inland near AMR

the day before the launch. Apparently the storm conditions caused the wind

direction at the lower altitudes to be quite variable.

Examination of Fig. 2 shows that the computed angles of attack at 20, 000

ft for T-0 were below the 7-12 hr and T-5 hr values but were approximately

tho same near 35, 000 ft. This further illustrates the significant influence of

v.ind direction shifts, or wind profile shape, on the vehiclo response, parti-

cularly at low altitudes.

Figure 3 shows the T-12 hr and T-5 hr forecasts and the T-0 sounding

for the 15 December launcl of Able 5. The T- 0 maximum wind velocity ",'as

in excellent agreement with the forecast values although the altitude of maxi-

mum wind varied by approximately 10, 000 ft. In addition, the T-0 wind

nziinxtuf abo~o 10, 000 ft was in good agreement with the forecast data. Below

10, 000 ft, however, the forecast and the T-0 wind azimuths differed signi-

ficantly. The sensitivity of the missile to the wind shifts is again illustrated

in Fig. 4; it can be seen that there is a great difference in the missile response

in the 10, 00C- to 15, 000-ft altitude range.

In general, the 15 December wind profiles were essentially unidirectional

and monotonic up to the critical altitude, typical of most synthetic design pro-

files. As can be seen in Fig. 4, there is no significant difference in the maxi-

mum angle of attack in the critical altitude region of 30, 000 to 45, 000 ft; the

result is expected since all the profiles peaked at about the same velocity.

Examination of Fig. 4 shows that the forecast angles of attack were

below the limiting values of 4. 5 and 5. 0'. The altitude winds were not a

problem for this launch.
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CONCLUSIONS
The use of moderate wind restrictions can provide savings in develop-

F. ment time and cost for space booster vehicles that might have structural or

control limitations. These moderate operational limitations can be adequately

defined, and prelaunch procedures can be implemented to provide a launch

decision.

If the economical development of a space booster vehicle involves severe

wind limitations, the problems becorn, ijore involved. Because of the varia-
bility of wind profiles associated with low velocity winds, it is difficult to define

the probability of launch; in addition, it becomes more difficult to accurately

product the vehicle response from prelaunch environment data in order to

insure that the vehicle can survive the altitude winds. In general, it can be

concluded that designing to severe v,'nd lfnmtatIoas, even if these limitations

art within the other mission requiremcrnts, is not advisable.

The use of the terms Fmederate! and 'severe' altitude wind restrictions

is of course only qualitative. In an attempt to define the 'probability of launch'

associated with these restrictions, however, it can be stated that vehicles that

can be launched at least 80 percent of the time have moderate restrictions and

vehicles that can be launched less than 80 percent of the time have severe

restrictions. By comparison, a ballistic missile can be launched at least 99

percent of the time. The difference betveen the wind velocities and design

loads associated with 99 percent winds and 80 percent -vinds can be apprL ciable,

The problem of specifying ,,ind limitations is not peculiar to space booster

systems; it is often encourtercd in thel Uand D phase of ballistic missile flight

testing when a vehicle is flown to evaluate a specific problem area or must fly
with cnirmnnpntq that have not been fully qualified prior to launch. Wind

limitation for boost of manner space vehicles nright he desirable to reduce the

loads environment encountered by the crew. In addition, if significant per-

formance benefits can be gained for very large space boosters, it might be

desirable to design these vehicles to wind criter~a that are less severe than

those used in ballistic missile design.

In the aerospace industry the emphasis has been, until recently, on

extreme or low-risk winds to be used for design purposes. It is apparent that,

in the future, there will be more interest in the properties (that is, statistics

and typical profiles) of moderate-risk winds, or winds that are likel to be

encountered. In addition there will he a great deal of interest in wind sounding,

forecasting and data reduction techniques that mec. thne time and accuracy ro-

quirements of op..raticnal prclaunch procedures for space booster vehicles.
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Ramdani Excitation of Missi Due to Winds

J. D. WOOD

J. G. BERRY

a SPACE TECI-qOLOGY LABORATORIES

ABSTRACT

The dynamic response of a large missile subjected to ground winds is
determined herein. The analysis is carried out under the assumptions that
(1) gusts rersist for a time that is long 'ompared with the longest time con-
stant of tne constrained missile, that is, quaslsteadvywinds; (2) the Reynolds
number that characterizes the flow is high, that is, 10 . The flow phenomena
associated with the last assumption are such as to cause the response problem
to be statistical (stochastic) rather than deterministic. A numerical ex-
ample illustrates that the dynamic loads induced in a missil- structure by
ground winds can be quite large. The determination of the spectral density
of lift and/or drag forces from the spectral density of gust velocity is con-
sidered in the Appendix. Certain idealized but plausible assumptions
concerning the statistical character of gusts are made in order to render
the analysis more tractable.

INTRODUCTION

A missile that is launched in a vertical position from a fixed surface

launcher is frequently subjected to significant loads as the result of the

oscillating displacements induced by the ground winds to which it is exposed

during prelaunch periods. In the case of missiles with relatively large-

diameter cylindrical sections,, such ground winds can give rise to vory large

Reynolds numbers R*(R -' !06), In such a flow condition, random vortex

shedding and consequently random lift and drag forces will result. SInce' the

lift forces act on the missile in a direction perpendicular to the drag forces,

large oscillating displacements and loads may result.

For Reynolds numbers In the range from 40 to 1 50, the shedding of

%'rtices is regular, and the eddying motion in the wake is periodic in botil

*The Reynolds number R is defined to be R =Ud/;/ , where U is the un-
disturbed velocity of flow, d is the missile diameter, and P is the kinematic

isCosiLi Lf the flowing liquid,
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space and time. The flow under these conditions can be approximated by the

well-known Karmnan vortex street. Between 150 and 300 the vortex shedding
is no longer so regular, while above 300, the predominant frequency of
vortex shedding can be cdptermined but the amplitude has become random.
-"ns"0l" at R of order 105, the separation point of the boundary layer moves

rearward on the cylinder and the drag coefficient drops rapidly. The exact

value of this transition zone, or region of critical Reynolds numbers, depends
on surface roughness, turbulence structure in the air stream, and so on. The

wake for a flow below the critical Reynolds number, however, exhibits a clear
periodic flow structure, with a dominant frequency at each side of the missile.
The flow at Reynold numbers above the critical point produces a much more

turbulent Aake in vhich the vortex street patteri is nu longer recognizable.

!n such cases, it is necessary to coneider a power spectrum or a correlation
function rather than a single dominant frequency.

The majority of earlier research on the subject of vortex shedding in a
flow around circular cylinders was concerned with the wake characteristics at

subcritical Reynolds numbers. Although a limited amount of data on the

shedding frequency in the sutercritical range was available, the forces acting
on the cylinder, other than the mean drag component, had apparentli never

been measured. In 1957, wind tunnel experiments were conducted by Space
T-cli-eIogy Labs in order to measure the fluctuating lift and drag acting on a

circular cylinder in a flew of an incompressible fluid at large Reynolds numbers.

Data has been presented or, the root-mean-square values of the lift and drag
coeffi,'rnt,, the extreme values of these coefficients, and their power spectra
at vartil R '-,olds numbers between 330, 000 and 1, 390, 000.1

THEORETICAL CONSIDERATION

The following is a derivation of the means b" which the response of a
Inrge missil fn ground winds, sufficln, to cause randoir. vortex shedding,

may h, calculated. 'Ihe flow eon-iitionf: for a typical n;ssEj with two distinct

cylindrical sections of diffe rent diameters are depicted in Fig. I.

Considering the lateral motion of the missile in Fig, I, the applied lift
force per unit length along the missile can be described as

L(x, t) = q(x) d(x CL(tj (I)

where q(x) is the dyr'namic pressure, d(x) is the missile diameter at any give,

point along its length, and CL(t) is the lift coefficient %hich varies randomly
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with time.* Actually, C is a function of Reynolds number as well as of time,
L .

Therefore CL , at each missile station, depends on the diameter of the mishile

at that station. The dependence of CL on R and t is such that it is impossible,

in general, to express CL as a product or sum of a function of R and a func-
tion of t. However, the experimental data

1 
indicates that CL is not a stong

function of R, at least for limited ranges of R in excess of 5 X 10
5
. Therefore,

t it is reasonable to assume that a value of CL, associated with a Reynolds

number based on a representative missile diameter, should be adequate for

Eq. (1). This conclusion is only valid for two-dimensional flow. 1 The three-

dimensional flow characteristics around the tip of a missile have a substantial

effect on the total lift and drag forces. 2, 3 In the absence of detailed wind

tunnel input forces on particular missiles, however, the procedure developed

he rein is the best available. On the basis of limited experimental data, it

can he anticipated that the results obtained will be conscr.'ative.

'I he lift force of Eq. (1) is a random function of tim since CL(t) is

random in time. Problems involving random time variations are usually

more conveniently treated in the frequency domain than in the tim> domain.

The frequency representation of a random function is known as its power

spectral density. Figure 2 is a typical power spectral density of lift or drag

force on a uniform clinder. The frequency parameter, S = jd/2rU. used

in Fig. 2, is known as the Strouhal number; the curve is normalized such that

J F(S) dS = 1; or J F(cid/2-rU)d- = 2rU/d . (2)
o0

If PL
(" 

) is defined as the power spectral density of the lift coefficient

CL(t), the mean square value of CL i; given by
cU

0

Cumpa ring the latter two equations, the normalizing factor K r PL
( -

)
/F(S)

is evident, and
2

d¢CL >

PL(1 ) = L F(S) , (4)
2 rl"

where <Ci 2> is the mean-square value of the lift coefficient observed ex-

p, r imentall

*The lift force is assumed not to vary randomly with x, that is, the
snacial correlation is unity. This assumption might not he completely valid;

however, no data is availahle concerning spacial correlation, and in any event
the assumption is conservative in determining gross missile response.
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Similarly, the power spectral density of the drag coefficient resulting
from the oscillatory motion of the missile parallel to the air flow is

L2
F d<CD2 >

PD(U) F(S , (5)

2
where > is the mean-square value of the drag coefficient observed ex-
perimentally. I

The lateral displacement response of the missile, which is assumed to
he a l!noar structure, many b. exprcssed in tens of its normal modes as

U(X, n) N n qn(t) . (6)

The generalizod coordinates, qn(t), are governed b; equations of motion such

as,
S 2 Q(t)

"qn + 2 enn;n + 1 n Qn (7)

with certain restrictions on the modal damping, n' for example, its spacial
distribution and smallness.

The generalized force is

Qn (t) f(x, t) 6 (X) dx, (8)

and M n is the generalized mass in the nth mode. 4 Since it is assumed, in the

case of wind-induccd oscillations, that the forcing function is f(x,t) = F(x)T(t),

the generalized force becomes

Qn(t) T(t)IC F(x) 5 (x) dx WnT(t)

where Wn F(X) 0n(x) dx, and F(x) " q(x) d(x).

The solition of Fq. (7) in terms of its indicial admittance, h(t), is
co

qn(t) --J hn (r )  T (t - ')d r (10)

0

ihe term T(t) is a random function implying that on(t) and u(t) are random
functions of time. It is the nature of random processes that only a statistical
description is meaningful. It is quite often impossible to construct the statistics

noedel for a complete description; howevtr, the mean squate value, which is
the second statistical moment, is usually obtainable, If the statistics of a
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random process are Gaussian, the mean square value provides a complete des-

WJ' cription. It is for these reasons that the mean square or autocorrelation

function of the response is used as
€ u :, <u~x, t u( , t) (X) T ()<Mx) <q%(t) q (t + r)>. ')

n m
r- The bracket < > implies an average over time only, that is, u(x, t) is assumed i

not to vary randomly with x. The problem is to determine the quantity

eqn(t) qm(t +r)> in Eq. (11). It can be shown 5 that i

rP( ) d (12) '
(qn(t) qm(t +G -J Z i) Zm*( 1)

-00

whore P(.) is given in Eqs. (4) and (5),

n n

dnd ( - ls the complex conjugate of

__ Wm

zM(ic) Mrn m L

In evaluating the integral of Eq. (12) a simplification can h made If the

damping ratios n are small and if P(ci) Is a smooth function as compared

with the resonant peaks of the structure. In such a case, the largest contri-

butions to the integrand are those terms for which n = zn, because near each

r soiance - ,. n and the radicals in the denominator become very small.

Neglecting the terms for ,vhich n # m, and substituting the result Into Eq. (II),

the mean square response is

0n n P()d no n Mn2Ln 4  
-. ( ~ )2] 2 + [¢( O)

or

n2 2 CO ____ ___ _<u2(,)> d " V n n r ( )d

IN11,2, 4 J
0 +n 2L n l

!f P(,) = const., no further assumptions need be made bhee;,t each.

term in the foregoing equation is easily integrated. Rcmemhe.ing that the
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integrand in a function with very steep peaks at each cun , another simplifying

assumption may be made. Since the integrana nas steep peaks near w a wn)

the main contribution to the integral comes where P(1 1 ) a P(n ) so that a

good approximation can be made if P() is taken as P(c n = const. for each
term. Then,

un(x)> 2 7

n Mn , n3  4 n

A similar expression has been derived. 4 Making the substitution into this

equation for P(c- n) as defined previously gives

dcCL2> W n2 2

<U8TU X 2 -A F(S
11 n n n

It follows then that the niean-square bending woment along the missile in the

lift nlane is

d<CL 2> W Wn2 [ on(X)] 2

M ~ ~ F(S)
(x) n nnnn

v,here m n is the bending moment in the nth mode. The mean-square res-

ponses in the drag plane can be obtained from the above expressions if <CL 2>

is replaced by <CD2> •

Thc other wind force acting per unit length along the missile is the

steady state drag force which is defined as

F D(X )  Cz~q(x) d(";)

where FD : steady state drag force

q(x) = dynamic air pressure at station x.

For missiles exposed to a random gust environment, the relation between

the spectral density of the stead,. state drag force and the spectral density

of the gust velocity is given in the Appendix.

For purposes of analysis, assuming the air flow around the missile to

tv ...,c-dnicnsional, the respo!-_es in the drag and lift planes arp added

verolerally. For example, the peak displacement of the missile at station
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* x, u(x), Is defined an

rW (uD + 3u) ( )2l 1/2U(*)" [ U oD)2 +(-NUL)  12

where uD s steady state drag displacement

UOD m ris value of the oscillatory drag displacement

UoL rMs value of the oscillatory lift displacement.

It is assumed that the oscillatory lift .nd drag displacements have

normal distributions. The rms values of these responses are equivalent to

the standard deviations (sigma) since the means are zero. Hence, a 3-sigmo

value of the oscillatory displacements is used in the foregoing equation, which

gives a confidence level of 99. 73 percent. That is, 99.73 percent of tiese
random oscillations are vithin the peak displacements. Since the oscillatory

components of displacement are assumed to reach their maxima at the same
time, the foregoing equation should be conservative. It checks closely with

the peak displacement observed in the missile model with a rounded nose cone

used in the experiments reported. 2, 3

In a similar manner, the resultant bending moment, SIR, is defined as

MR = [(ND + 3MoD) 2 +(3-oL)21 /2

where = steady state drag bending moment

1oD = rms value of the oscillatory drag bending moment

M rms value of the oscillatory lift ht-ndirg moment.
oL u~n oet

EXAMPLE

An indication of the actual full-scale order of magnitudc of bcnding

moments that can be induced by a strong ground wind (effectively steady, sfa*o)

acting on a large ballistic missile can be obtained from Tqhle I below. In

this case, a typical intercontinental type of ballistic missile is assuimed to be

erected on a surface launcher in the vertical position and exposed to a uniform

60 mph wind. The mean drag coefficient is taken as 0. 55, and the predominant

component of oecillatorv response occurs at the frequency of the first bending

mode of the missile, for this case, 2.4 rad/sec. The actual bending moments

at several points on the missile are computed to be as .... os.
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TABLE 1

BENDING MOMENTS IN A TYPICAL MISSILE
EXPOSED TO U~NIFORM 60-MIPH WINDS

Distance From Bending Moments, in. lb X 10-5

Missile Base,
p:IncheE INID 

3 -MOD 
33MoL MR

0 15.07 19.,54 63. 50 72. 32

150 9. 82 14.10 44.80 51.59
4.47,33 23.80 26.,75

650 0.,so 0.78 2.52 2.97

As can be seen from these figures, a Ntrong ground wind can easily impose

loadincs on a missile that could be catastrophic if not taken into account in

the structural design of the airframe or if the missile is not otherwipro pro-

tected. Therc have been manv instances in the past where research and

development versions of large ballistic missiles have had to be protected

fromn damage by raisinig tilt erector or returning the gantry to itp position

over the missile when heavy winds arose- during prelaunch testing or flight

preparations. Sufficient structural strength must be given to operational

missiles to avoid restricting their use ulnder certatn w-ind conditions, It is

common for space vehicle boosters to b,- grouind-wind limited. After a

missile is launched, the bcod ' bending mode frequencies increase sufficiently

that the response due to random vortex shedding is negligible, This is due

to the decrease in the pow er spetrum (Fig. 2) at htighier frequencies.
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APPENDIX

A RELATION BETWEEN SPECTRAL DENSITY OF STEADY STATE
DRAG FORCE AND SPECTRAL DENSITY OF GUST VE LOCITY

The problem considered herein is the dete2rmination of the sp~ctral den-
sitve of a steady state drag frorce fvrm the spectral density of gust velocity. The

problem is not completely trivial since the steady state drag force involves the

square uf the gue t velocit%..

Two major assumptions will he mnade: (1) the procesq is stationary, and

(2) the gust velocitis ar, distributed in a Gaussian manner. Strictly speaking,

neither of these assumptions is trie, lfhr first assumption is equivalent to

assuming that the gu.sts persist for a long time compared with any of the time

constant,; of the ~ss- w heyv act on, and thereforc transient effects are

Jgnore d. Gustq art assumned to have greater pe-riods than the nvs period

of the missile, "l he second assumption is approximately true for large-scn.le

tlirhmleno. Since monst of the energy convoctEd by tureulence is asgorciated

with eddies of small Nwave< number, the assumption of a Gautssian distribution

is reasonable, In an', event, these two assumnptions allow some progress.

The steady natL Jrag fcer(e( is rolatoo to thp vclocity via thce equation

FD = /20 ,CD 1" U 2  (A. 1)

where the syrmbus havc the convt !tivrsl me~arinz. It %;ill be assumed that CD
ias eff'ectively constant over the Reyvnolds numbher rang" associated with the

instantaneous values of U. Ottner-vise, -quatior. (A. I) is no' valid. Let

an-- CDA d U- V + v A. 2

135



F where V is the mean wilnd velocity and v is the random gust velocity. Then

F U.2 . V2 + zV V(t) + V 2 (t) .(A.3) S
By virtue of the ass~umption of stationarity, V must be indep-endent of time.
The autocorrelation function of F is calculated first. The symbol < > will
denote an ensemble average.

CF(t) F(t + r ) t, Rp (r) 4- , +V v(t) + v2(t)j

SV2 +t2V V(t + T + v2 (t + T ) (A. 4)

so that

4 323 2R F( r) =~V < -+2V3 V(t + )++ v 2  (t.+.r+2V v (t) +4V V(t)

v(t +- T + 12V V(t) V 2(t + T ) +%7 1 v'.1(t) +- 2V v2 
(t) v(t + T

+-v 2 t)2 (t + T )>

B% virtue of the definition of v from Eq. (A. 2), < v,> 0. Thus

R1F( ) = V 4 + V2 < V2 (t +r ) > +4V 2 <V(t) v(t+ r) >+ 2V

< V(t) v 2(t + 'r ) > + V2 < v2 (t)> + 2V <v 2(t) v(t + r )> (A . 5)

+ ev2()v2(t +r)>.

DlIce to the stationarity assumptie 2 (f) cannot depend upor time and

the rcfr

Since it is assumed that v is distributed in a Gaussian fashion and since thE.

Gaussian distribution is sy mmetrica alhcu t '1w mean, all odd rder ee~ntra;

moments of v vanish. Tlivreforu,

< N-(t) v 2(t + r ) > = < %' (t) %,(t +. r ) >

Fquation (A. 5) now takes the form

4 +2V 2 <2 Z)+472 e (tv( +r>+<v2 ()v2(t+)

(A. 6)
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_ - and

SYVt) vt +r)> -RV( r

W
is the autocorrelatlon function of v,

i 'he mean square value of v is < v 2 (t) > and is given by

C v (t) R v(),

and there remains only the discovery of a form for < v 2 (t) v 2 (t + r)>. It is at

this point that the assumption of a Gaussian distribution plays a crucial role.

A Gaussian distribution is completely described by its first and second moments

(that is, by the mean and standard deviation). Therefore, all of the higher

LoLjun-iL are expressible in terms of the autocorrelation function R v . As will

be svun later, R. is related to the spectral density of v. 7 The following can

be written:
8

<v2 t +r)> = <v2(t)> <v 2 (t)>+< ,(t)v(t+r)><v(t)v(t+)T

Combining all of these results, Eq. (A. 6) becornas

RF(T) = V4 + 2V 2 Rv(o) + 4V
2 Rv( r) + Rv (o) +2 (r) . (A.7)

The Wiener-Khlntchlne theorem is used for the spectral density of F

00 a)

p rfM j= R F(T) 0 -12rfr dr o f V4 + 2V2R (o) + 4%2 (r
-a) -wO

+ Rv 7(o) + ZRv 2( r e i2 Trfr d

and
pvf V , ; R v( r)e

- iz f dr.

- 00

It is also noted that

"/e-i 'frd -- (f)

-a-o

P i2rfr
R,( T df.

On- more res,# .nee-i frrr- t- c. Fccuricr :ransforrns: if F(t) and
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G(t) are Fourier transforms of f(x) and g(x) respectively then -

IF(t) G(t) e at )(x d
-M ".00

or the Fourier transform of the product of F and G is the convolution of f and g,
~Thus

(uf) 4 + 2V 2 R (o) + R 2(o) (f) + 4V 2 F (f)

co (A. 8)
+ 2 rP (f-,) P,() d

It is recalled that Rv(o) is the mean square value of v and therefore

<v2 (t)> = RV (O) =Y Pv(f) df,

The spectral density of F is thus related to the spectral deneity of v,
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The espone of a Flexible Missile to Ground Winds

L. L. FONTENOT

GENERAL DYNAMICS/ASTRONAUTICS

AIISTRACT

This paper presents tec#hniques for ,stimatin' u.,roun d ind design loa-, of
flexible missiles. fn. Section I, an expression for calculating the power spec-
tral density of the drag force vcting on the missile is formulated. In Section
II the response of a flexible missile to ground winds is discussed and a
simplified approach to the problem noted. In Section I1, the design response
of the missile to ground winds is formulated. A rational approach to combine
the gust problem and the vortex shedding problem is presented.

INTRODUCTION

A missile in the prelaunch condition, that is, erected on a launch pad

(Fig. 1), might be exPosed to ground winds that give rise to oscillatory forces

acting in a plane normal to the direction of the wind, as well as steady and

oscillatory forces acting in the direction of the wind. The wind V(t) is defined
as a rteady mean wind Vo plus an unsteady wind v(t) which is assumed to vary

randomly wth time (Fig. ?).

Generally, for Reynolds number, > 10 , the steady wind induces oscilla-

tions of the missile that are predominantly perpendicular to the directon of

the flow. This in turn gives rise to nriffe oscillating displacements and bend-

ing moments in the structure. 1,2,3

The unsteady vind v(t) induces oscillator, forces theA act on the missile

in the direction of the flo,,. 'Fo bc sure, there is an interdependence between
the oscillatory forces indjced by the steadY WiNLJ and those generated by the

,:nsteadv wLnd. Unfortjnatel ', however. no:hing is knoxn about this influence

at the present time.

The problem considered in this paper is the response of a missile to

ground winds, Ine methods employed herein can be obtained in greater

detail.4
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THE POWER SPECTRAL DENSITY OF THE DRAG FORCE

Several authors have presented the power spectral density of the horl-
zontal component of gust velocity at low altitudes. The drag force acting 4
on the missil, however, is A function of the square of the gust velocity. Thus,
to ascertain the response of the missile in question, it is first necessary to
determine the power spectral density of the drag force which is a function of
the power spectral density of the gust velocity.

It will b- assumed that V(t) is a sample function from a random process

that is stationary and ergodic, and the gust velocities are distributed in a
Gaussian manner. None of these assumptions is quite true. Stationarity
implies that the probability distributions of V(t + T) in the sample space are
identical with those of V(t) independently ofT. This is also eiuivalent to

assuming that the gusts persist for a long time compared with any of the

time constants of the system they act on, and consequently transient effect-

are ignored. The ergodic property implies that a statistical average V(t),

or any function of V(t), o%er a sample space can be replaced by a long time

average over a single sample function. The asumption of a Gaucsian dis-

tribution is approximately true for large scale turbulence. 6

Consider the lateral motion of the missile as shown in Fig. 1. The
applied drag force per unit length can be expressed as

Q C N(x) D(x) v(t)l 2

whe re

P = mess density of air

D(x) = missile diameter

CD = drag coefficient

V(t) = total wind velocity = V + v(t)

V mean wind velocity

v(t) = random gust velocity (zero mean)

N(x' = no-di-'pn-ional wind profile.

It will be assumed that CD is constant over tue Reynolds number range as-

sociated with the instantaneous values of V(t).

Equation (1) can be rewritten in the form

2 2 2
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I. *where
F(z) P ,PN(x) D(x) CD

The autocorrelatlon function of f(x, t) is defined as

* l2 r 2 21f(x t) f(x t+r-Rr)- F(x)' V + 2V v(t) + v (t)1 f (3)

V2 (t2V (t + 'r) +V~ t+ 3
0 0 '

Expanding Eq. (3) yields

Rf(T) [F(x)] 2 [V.4 + 2Vo 3 v(t +r) + v 0
2 2 (t + r) + 2V0

3 v(t) t

4V v(t) v(t + r) + 2V ° v(t) v2(t +r)+ V0
2 v'(t) + (4)

2 + 2  2 I

2V v (t) v(t + r) + v(t) v (t + )

But, v(t) = v(t + -- 0, which follows by definition of v(t) and the assumption

of stationarity. Thus, Eq. (4) 'xcumes

Rf(r) F(x)]I [V 04 + V 0 v 2 (t + rT + 4%V 2 v () v(t + r 2V v~" 2 (t + 7

+ V ° '2 (t) + 2V v2(t) v(t +r) + v 2 (t) v2(t +r) (5)

Fromn th- F*tnnrit,. assumpti":::

v 2(t) = v (t + r )

Now v(t) is assumed to have a Gaussian distribution, which is symmetrical

about the mean; thus, all odd order central moments of v(t) vanish. l-12'tce

v(t) v2(t + T) v 2(t) v(t + r = C

which follows from LIn stationarity assumption.

T

T-- 14
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Equation (5) now assumes the form

F(x) 2 4 2V o - v'(t) 4Vo2 v (t) v (t r + v
2 2
(t)v (t+ r

(6)
Now, by definitiov

R v(r) v(t) v(t + r ) autocorrelation function of v(t):

RV(o) v k (t) = the mean square value of %(t).

A Gaussian distribution is completely descrlb-d by its first and qecond

moments (mean and standard deviation). Thercf!rc all of the higher moments

erp onre-ihlp in terrm. of the first and second moments. Since the mean

of v(t) is zero, all of the higher noments are expressible in terms of the

autocorrelation function R.. It is easily shown that 7

v 2(t) v 2(t + ) v v2 (t) • V2(t) + 2 V(t) v(t + T) • v(t) V(t + T"

From the preceding properties, Eq. (6) assumes the form

R ) F(Y)] 2 [% ± 2Vc2 Rv(o) + 4V. 2 R,(, + R,()2 2( T.

k X] rV.2 + Rvo] + 4V0 2 Rv(r) + 2R2 (r (7

The power spectral density of the drag force is ifined as

GORf(r ) e-iot dTsf4 ,) = 2. , R 1 ltdr. (8)

Substituting Eq. (7) into Eq. (8) yields

rM
22 1- 'dr 4 FIx V

Sf() ( +F RLFov 2 '4 j

rn ~ a)(9)

I R 1 -i.dt 2 [Fxj2 1 - Td

-m IT
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Howeve r,j

e a d (f) adirac delta function

I-0

(f) df 1, 21rfj

JR,(,) c r -Sv(-) by definition

-Co

Hence, Eq. (9) b-2conies

!r 2 1r v2 1 (f 2L V'

and for frequncies other than -O0 Eq. (10) asumres thc fo-n

~ )=FNx {4V 2 S (~ JS 1 S(~.d$.(t

The powe r spectral density of th horizontal component of gust %velocity is

Pena (Fig. 3)

TANII bl 
12

V

e4 le reV /
0. 02C, /

0

v2

0

Z etevat~en above the ground.
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Another power spectrsl dtnsity of gust veloticy that is quite useful is the well

known expression for isotropic turbience (Fig. 4)

Sb2V 2 2

where

Vo

L

yvariance of turbulence

L : scale of turbulence.

The variance of the turbulence can bu calculated in tcrms of V o from Eq. (12).

Equation (13) gives only thF. frequency content. The variance of the turbulence

is defined as

R (O)  = ' 2('I) d (14)
- eo

Substituting Eq. (12) into Lq. (14) yields

R(o) =4.5 aIb 1 2/3 1.55 V 0 (15)

Note that the variance is independent of Z The expression given by Eq. (14)

will be used in Eq. (13) for subsequent calculations, Introducing Eq. (12) in

Eq. (10) gives

2F(x) [Vo2 2 + 2 a TANlf b
L - (f) V 5/3

Co
+12 rTA4NII bQ-t T?,%Nh bj(e- e1)

+a 1  5/3 - S/3 dol (16)

but the convolution integral is given as

a TANH b TANH b1 (c- I l)
al ]5/3(- ) 513

30
bl

7
(

/ 3 4..Y S~4 4 'a Ibbi COTH bI ( n-T S-., n

n 1l3,5, 

3 
.
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where 42ba

'IAN 'n 8

V Hence, Eq. (16) assumes the form

2fx] {V"2 + R,(,)] A ~ ~ ~ (7

Sf- + [Fxo 8(f) + 4V' 1  ,5/3

(17)

+4 , b 7/3 2 5/3 S S In 5/3
1 b ~ w-~-~ CO'1Hb ,,Z (- I n

n'l, 3, 5,

and fnr fr-quencies other than - 0, Eq. (17) hcones

Sf( - 0) F(x)]24%02 aI TANH blIU + 4- bb7/ 3 (--,)5/3

5/3

* (18)

COTII bl ! "----n " SIN 6n"
n= 1,3,5,,, [

From Fig, 5, it is apparent that for mean winds between 30 and 60 mph

2 TANH b12 7/3 2 53

0I 1 n, 
5 / 3  b5 .1T

* COTHb ), ( SIN 5 n
n1, 3,5,.

which is attribute d mninlv to th- fact that V,2 >> Rv(o),

1 hu:eforc, Ens. (17) and (18) can h- approximated with very good acc'irncv

r 1 2 [ 2" 2 T "TANI bc,
sf(., I F(X) J - V\ + + %. (c): 6(f) *4V' 'a

and (Fig. 6)

2 2 'lANI"
I <i

: I.
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Substituting Eq. 13) intoEq. (14) and following a similar line of reasoning, it
is easily shown that the power spectral density of the drag force In terms of
the isotropic turbulence spectrum is given by:

22 +(2b) 2

/

and (Fig. 7)

Flj 2 V ,b 2-a 2 b 2
S 0)=Fx] {Vab 2+(2b 2 (22)

It is quite obvious that for winds between 30 and 60 mph

4V a2b 2  2 r a2 
2 b 2" 

+b22 
+(2b2)2

2 +2

This can be demonstrated in the following manner:

4V'a 2 b2  {J2 +(2b 2
) ] >> 2rajb2  2

b2 +b 2

or 1"'2 + 1,2b2) 2 1 %F2> R( 2 + b22

L - 21 2
OFb 2  j o > r R (e) F j 2

But from Eq. (15),

Rv (O) =1. 55 V °

Th e re fo rp

2+ b2
2

>> 2 + b2 (1.55)A n + (2b 2 )

since

2 , b 2, <

2 + (2 : Y
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Hence Eqs. (21) and (22) can be approximated with very good accuracy by
T 21

,,. 2 f2 R 1  2 4V I a b2 (3 -Zii F(x)I + R (([)
. + v 2 + 2(

and

0i a< 2 2 A

Sf( 0 --- F(x)] 1,° ' a ' 2  24).
'2 + b2 2 ,

THE RESPONSE OF THE MISSILE

Pxperimental and theoretical studies indicate that the missile can be

represented adequately as a nonuniform beam (in stiffness! and mass distri-

bution), for the purpose of calculating its response to ground wind turbulence.

The base of the missile is supperted by a torsional and a lateral spring which

rcpresent the launcher constraint (Fig. 8). In many cases, it is adequate to

consider a rigid missile with flexible bse constraints.

These svstems, in general, are very lightly damped. Aerodynamic

duamping, in man, 1 instances, can rssume greater values than the system damp-

ing, A conservative approximetion is to neglect aerodynamic damping entirely.

The principles of the analysis of structural r, sponses to a stochastic

forcing function is .ell known in the literature on Brownian motion, aircraft

gust loading, Met. The r-apcnsc of the missile to ground wind turbulence is

hut a short uxt:'iion of these principles, and can be fo,.,nd in any text on

gerer'ihzed harmonic analysis: in particular, a closcd form solution for the

respon~r i:sinu hqs. (19) or (20), and Eqs. (21) or (22).0 These expressions

are quitc ,,dnd uxcLedinglY complicated. If the damping ratios are

small, a derived -xt×ressinr cnn be used for the root mean-square-response

of the missile.

The mean-squilre of the displacement response of the missile is given

n [fe, () 2
u 2 (X , t) = - = Irr r r (25-)

4 ... Cr , r r F(x)

generalize d mass of tihe rth cede

r = modal damping ratio

ndtural (angular) frequency of the rth mode

(x) - rth principle mode of oscillation
r 15



LATERAL SPRING

TORSIONAL SPRING

FIG,. 8. Idealization of Launcher Constraints.



I
and

wr F F(x) r(X) dx
Fi ) N(x) D(x) CD

L quatiun (18)is or tq. (22) yields [F() - The mean of the displacement

response is qimply

,N 
W1

r(x, t) = I M r(x) i° + a v(o) (26)
~.r L

DESIGN TECHNIQUE

It was previously customary to specify the ground wind condition in
terms of a mean wind velocit'y and a gust factor. The mean wind velocity can

bc considered as the five-minute average velocity which is reported at hourly
inte.'vals by all weather stations. The turbulence is described in terms of a

poe, r spectral density and a probability distribution. Very little information
is available about the latter, however. Th, gust factor is simply an attempt
to replace the probability distribution. For example, Sissenwine10 reports,
on the basis of several specip.l studies, that peak one-second duration gusts

will not exceed velocities fifty percent higher than the steady wind. In this
case, a wind criterion of 40 to 60 mph describes a wind condition in which the
ave rage %kind speed is 40 mph and the gust factor is 1.5.

In the past, design information was obtained by calculating the response
of the missile to mean wind values and arbitrary discrete gusts which were

considered to occur rarely; 1 the inclusion of vortex shedding effects were
practically nonexistent until quite recently. This was due mainly to the lack

of reliable experimental data.

In this section, a method is presented whereby the design response of
the missile to ground winds can be estimated. The usual criterion of a steady

wind plus turbulence is employed, and the effects of random vortex shedding

are included.

Consider the following definitions:

Ru = Ouasistatic design response (acting in the direction of the

fluid flow)

N W dr (x) 2 12

r I Mr r
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C gust factor

Ru =dynamic design response (acting in the direction of the fluid

flow)

RW -dynamic design response (acting perpendicular to the direction

of the fluid flow

w - 6splacement of the missile normal t the direction of the

a variance (root- mean- square) of the quasistatic diFspLacement

response (acting in the direction of the fluid flow)

- r W s r (x) 6 R2 (o)

~rl 1 r M s 0rs

Cy vgariance (rms) of the dynamic displacement response due to
randomn atmrospheric turbulence (acting In the direction of the

fluid flow)
.2 2

[ 6r(x)J V Sf4,"r 9 C)

r ' T- ~ 2 , 2

0 "~ .ariunce (rms) of the dynamic displacement response due to

random vortex shedding (acting in the direction of the fluid flow)

2-2 1,2, 3
dCD 2  rd (x)] rr

8%0 ri r2 % 3r

d reference diameter

CL mean square lift coefficient

7-o . n rq~arndrag ronfficient

2rV 0 normali!,ed power spectrum (Fitg. 9)

Experimental data ind icate tha, T,-v 1 and o~are nearlv in phase. 1,2, 3 T

will also be assuzred that (7uGis in phase wihboth (T and a lv He,:nce

(7 G + o's Co , - 27)



A

5I

4'1

CQI

66

_ra _oc _t Ieill _ _uro 1 9X 1

55



Assuming that the probability of exceeding the dynamic desigmn response Rw

by 'cr is' tht; same as the probability of exceeding the dynamic design
WVa

P- response Ru by A 0 u requires that

. a.V u IS R(8
Wa' +0

This assumption is riot grossly in L rror since expe rimental data seem to

indicate that th.e peak displacements, for uniform flow, reach their miaximium

at the same time.

Now assume mnat the probability of the quasistatic response exceeding

the quasistatic design response is the same as the probability of the dynamic

response cyu exceeding the dynamic design response R I_ This implies

that

Ft !n' + (R - mu -Z (29)

* A resultant dynamnic design response will be defined as

2 1 1/2
R 2(30)

Substituting Eqs. (28) and (29) into Eq. (30) yields

( 112
R 1 I+ " v - Ir + (R u -irn)- ('r I+'

(a uG + %uvs 2  
us F

(31)

The rosults given by Eq. (31) are based on equal probability. concepts and

normjpl distributions. 4 igure 10 illustrates the design process considered

hprein.

CONCLUSIONS

A inethod for ustirnating "h,' d sign response of a mnissile to ground

wAinds is formulated. .Also, a rational approach to comnbine the g-ost prolblem

and the vertex shcdding problem is presented. It is hoped that such an rznalv-

!it 'vill prove useful in the design of missiles and stimulate more research

along those lines. It should be kept in mind that the assum,-ptionsq used in the

prece:ding anal ' sis are d,,e mainly to-, the lack of roliable or limnited aero-

dynamnic data. Neverthee'st:, it is believed that the analysis is conservative

urdler these circumtances.
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In general, ground wind spectra are not defined to the degree that an
L * average wind plus a gust spectrumn can be used for design information in

place of the average wind and gust factor. More research information is

needed to ascertain the form of the input spectrum, expeclally at high fre-

quencies.
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Persistence Factors in Serial Wind Records

B. N. CHARLES

AEROSPACE DIVISION

THE BOEING COMPANY

ABSTRACT

In applying climatology to design problems a common purpose is to estimate
hardware performance under future environmental conditions. A fundamental
question, therefore, concertis the extent to which a given sample of climato-
logical data is representative of conditions to be experienced in the future.
This necessitates defining the equivalent number of independent observations
contained in a serial record of arbitrary length. This number can be estima-
ted by use of a quantity termed the 'persistence factor, S. The quantity
(2S-1) is roughly equivalent to the average time span during which individual
observations are statistically representative. Estimates of (2S-I) over the
southeastern United States are presented herein, as derived from a serially
complete collection of once-daily upper winds covering a five-year period.
The results show that in the altitude range from 2 5, 000 to 50, 000 feet, the
quantity (2S-1) rangs between 3 and 8, depending upon season.

In applying climatology to design problems, a common purpose is to

estimate future environmental conditions for hardware. Available data

collections for the parameter of interest are used to compute frequency dis-

tributions, mean values, standard deviations, etc.; and pertinent laws of

mathematical statistics are used to estimate risks of encountering various

large magnitudes of the parameter that are related to de-ign or performance

criteria. A fundamental question, therefore, concerns the extent to which the

available ,ata collection (which, after all, is an aggregate of hindsight) is

representat,.e of future conditions.

Th- r athematical statistical laws generally used are based upon random

(tha- is, independ-nt) ,-rtcz, -ther eril upper wind data exhiilts th"

appreciable autocorrelation typical of many gerphysical time series. That is,

with auto- (or serial) correlation, a specific ol,,t rvation is partially deter-

mined by its prenecessor(s), and partially dete!rmnes its successor(s), The

individual observations Ere therefore dependent, and the laws of random events

cannot be legitimateiy applied without modification.
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Since the correlation decreases with Increasing time interval between

observations, ultimately approaching zero, it is possible to extract suitably

spaced observations from a complete time series that are indeed independent.

Or alternatively, available observations during the appropriate time interval I
can be averaged and taken as a single observation.

These considerations have led to the concept of p-r-istence factors
1

which relate to the equivalent number of repetitions 2 or equivalent number of

independent observations 3 contained in a time series. In the notation of the

latter reference, the equivalent number of independent observations is ap-

peoximated by:

N M (1)

2S - I

wher- M is the number of eqtipaced observations, and S is the persistence

factor given by:

M -

S + - pj (2)
j I

where the P are the serial correlation coefficients for lags J, defined for a

sample with mean XM and standard deviation as:

M -j X- -XPx -xNM) (xi + (3)x

The quantity (2S - I) is ,pproximately the average number of time unit

during which an individual observation is representative. Conceptually ft I,

equivalent to Bartcls' appropriqte statistical time unit, I since observations

separated by this time interval will be substantially independent.
The literature concerning the persistence of meteorological time series

is substantial, but barely touches the upper wind parameter. The reasons

for thts deficiency include:

I) the lack o' serially complete data collections covering leng.hy

periods of record,

2) the great magnitude of computational effort involved in analVing

even a quasicerially complete data collection, and

3) the relative vrithmetic complexity of treating vector, as opposed to

scalar cuartities, and the unknown sampling distributr-n of vector

4f,.



The preparation of a suitable data collection by the Office of Climiatology
of the V. S. Weather Bureau, 5, 6 and the availability of high-speed digital com-
puters in the U.S.W. B. - Sandia Corporation Cooperative Project in Wind

7
Climatology, corrected 1) and 2) above, for much of the North American area.
Further, a result of the Cooperative Project was the substantiation of the

8 tat.viidcorrelations could, for ail practical purposes, heItBritish findings8 htwn
considered in tevnis of the relatively simple stretch vector correlation co-

cfricunt up to at least the ZO-mb level, without serious loss of information,9

thus permitting minimizing of 3) above.

For present purposes, there was the additional happy circumstance that

the calculations performed by Sandia Corporation included the stretch vector

correlation coefficients for lags from one to ten days. They were computed

from
Mi -

- l (u i u 1 ~ + 1 .v 1 +)

v'here u and v are departures of the zonal and meridional wind components

from their respective mcan values and (T and a', are the respective standard

devtia tins.

The ensuing discussion. is based urpen these coefficients as obtained from

the serially complete %kind data collection ranging from 950 to 30 mb for the?

51 a1tihenq shown in Fig. I for the period March 195! through February 1956.

We are primnrily inte~rested in Montgomery, Alabamna. Although it is ncai

the dg, of the data field, it is dqiteySurrounded by neighboring stations

for analyvsis q f r- p3ram -tric f<d

Figure 2 shows isepleths ef (ZS - 1) for the winter season. It should he

rated! that aiihoiiih the, Ing corruion cefic:,!nts extended to ten days, P

did not converge to zero in all cases. Moreover, the simple stretch vector

c orrelation tends to underestimate the total vector correlation9 especially at

lb, largor logs, so these isopleth values are somewhat loss than the true

vaiues. The mwanirg of the detail in the pattern 8sho~o is not at issue here,

althog th ncltosofonpiin oeld be welcome, hut the figure

shows that the rather abstract paramelecr (2S - I ) does exhibit a fairly regular

field, ever the region of interest, and moreover- indicat-s an essen-tiallyv COn-

t irun:is variaton wth altitud. Figures- 3, 4, and 5 are stm lar rsultS for

thL sPring, sumnmer and fall seasons.

Figure 6 sho%;s vertical pofiles of tnc quantity 'ZS - ) tcan he seen

thai t~v Mtitludes of 25 -00t 0, 000 feet rear Montgomner%, the values

varv betw4een 3 and 8, dep~ioliupon thie spason, T he nor4,contal gradient of



(ZS - 1), moreover, appears to be relatively large in this region, suggesting

possible large variations in the parameter for individual years.

With persistence present in the serial wind record, the standard errors

of estimate of mean values and standard deviations are (ZS - times

larger than those computed by assuming the data to be independent, and the

implications for reliability predictions may be significant. Where specific

daily wind profiles are used to imilate missile dynamic responses, consi-

deration should be given to adequate time separation of the profiles to avoid

redundancy due to use of profiles containing identical information for statistical

purposes.
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Vwrtion of Troposperki Wind Vectors Over Short Tie Intervals .

ROBERT W. LENHARD, CAPTAIN, USAF

HENRY A. SALMELA

a GEOPHYSICS RESEARCH DIRECTORATE

AIR FORCE CAMBFIDGE RESEARCH LABORATORIES

ABSTRACT

Wind observations from GMD-1 soundings taken at hourly inter ale for an
entire week in April !960 at Bedford, Massachusetts are being studied to ex-
plore the variability of winds over short time intervals. At 12 km (39, 000 ft)
variability increases with time up to 18 hours; the rate of increase decreases
'with time. Quadratic regression fits the data slightly but significantly better
than lineai regression. Resultart wind during the period was 259 degrees,
36.7 mis with a standard vector deviation of 26.8 rn/s. The quadratic re-
gression indicates an rms differenre of 26.8 m/s in winds observed 14 hours
apart. Hence for general purposes observed winds can be considered representa-
tive for 12 to 14 hours. Regressions indicate a residual variability at zero
lag of about 12 m/s. A sample series of observations was analyzed for the
effect of the difference in balloon positions on successive runs. During this
period of strong winds, the standard vector deviation of balloons about their
mean position was 10. 6 kii, wnd the rms difference in positions of successive
balloons was 13. 5 km. The contribution of this spatial separation of suc-
cessive balloons to observed wind difference is significant at the five-percent
level. Residual wind variability at zero lag appears to be due in part to the
spatial variability of winds and not solely to observational error. A series
of hourly rocket soundings made with the ARCAS-ROBIN at Eglin AFH, Florida
on 9-10 MNay 1961 enables a first comnparison to be trade of conditions a* 65
km with those in the lower atmosphere. A large diurnal wind vwjietiun appears
to exist with variability reaching a maximum at a lag of ii hours and decreasing
thereafter. Va.riability increases more rapidli and is greater at 65 km than
at 12 km at lags up to 12 hours.

INTRODUCTION

This study is thb i-itlin anal',ys of a scrics of observations of upper

air winds as they change over short time intervals. The niain purpose of
this study vas to evaluate data reduction problems and tne utilit' of various

analyses. These topics will -bp discussed somewhat and preliminary findings
will be given on the varia-iltv : wins over short periods and applied to

evaluate Lhe observations.
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DATA

Generalr
The basic data is a series of AN /GMD-1 rawinsonde observations taken

at hourly Intervals at Hanscom Field, 1 April through 7 April 1960. This ex-

periment Is described in detail in the forthcoming GfrD 1le,,earch Note No. (iO,
whtch will also contain listings of the data obtained. The winds used in this
study were computed from these data.

Selection of Samples

For this analysis, a ,election from the mass of data was desired. The

12-km level was chosen as one that appeared to have considerable variability

and to be somewhere near the level of maximum wind on many occasions. The

three-minute winds were selected for examination as being convenient for cal-

culating; the data point chosen was that one whose central minute contained the

12-km level.
Finally, a short sequence of runs was desired and 21 soundings were

selected. These were made between 0100 and 2300 on 4 April 1960 and were

chosen because they formed a continuous sequence of usable runs and appeal-ed

to be in a :et stream regime.

ANA LYSIS

To find the hour-to-hour change in vinos, the wind speeds at 8, 10, and

12 km were plotted. A sample sequence is shown in ITig. 1. The 12 km wind

is strongeir and more variable than at lower levels; but, on occasion, this was

not the case.

Greater changes were observed in one hour than are shown. Most of

them are of questionable accuracy, as are some on the figure. Note the peak

speed of 102 mps which occue'red on the 1700 6ounding. The elevation =n;!e

at the 35th minute of ascent, at a height of 12. 330 meters, was 7 degrees.

It is probable that this value contains an appreciable tracking error; a wind of

200 knots seems unlikely.

The sounding for internal consistency shc,,.s FcmE fluctuation with alti-

tuie from minute to minute of ascent, These fluctuations move about an In-

creasing and then decreasing trend; there is Uitle doubt that a %ind maximurn

existed somewhere about 12 krn. The prcceclng and fullowing soundings also

indicate that a peak veiccity c,curre6 at about this time.
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Since a peak in the wind speed seems real, and since the exact error in

the observed magnitude is unknown, the reported value is retained, If con-

sideratlons of continuity and consistency had not supported the peak in the

speed, the sounding would have been regarded as erroneous and dropped from

F any further calculations, This was done with several soundings, mostly

those with elevation angles as low as 3 to 5 degrees when the balloon was at a

height of 12 km.

DATA REDUCTION

Depth of Computing Layer

The dependence of the wind on the depth of the layer over which it is

averaged is a matter of some concern. To explore this, the wind speeds were

computed for one, two, three, and four minutes of balloon ascent, corresponding

to layers that are one, two, three and four tiousand feet thick. To have dif-

ferences show up graphically, an average of ail four estimates of the 12-k M
speed was obtained foi each sounding in the short sample. The speed for

each depth was then plotted as a departure from that average. These de-

partures are shown In Fig. 2.

It is expected that the mean speed and the variability would decline as the
depth of the iayer over which winds arc averaged increased, Within the

vagaries of sampling, this occurred. For the short sample, mean speeds

were 53. 8, 52. 8, 53. 0 and 51. 0 mps as the depth of the layer increased from

one to four thousand feet. The rms vector difference in winds one hour apart

did not behave as nicely. Values of 19.4, 17, 3, 19. 8 and 19.6 mps were ob-
tained as the layer thickness was increased. A larger sample showed the

expected results. For the entire week, the.tnrs changes ran 19.6, 14.3, 12. 8

and 12. 1 mps with increasing layer thickness.

Deviations From Nominal Positionn

It would be convenient to be able to treat successive runs as being

exactly one hoir apart and as sampling essentially the same pointnLnspace.

It was primarily to see if this could be done with validity that the short one-
day sequence of 21 runs was selected. The strong wind regime with con-

siderablc varI ability was chosen to give the maximum opportunity for sig-

nificance of effect to appear.

Cun iderabie spatial variability existed. At the first observation point

above 12 km, the standard vector deviation of the balloons about their mean

l'i b
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position was 10.6 km. The root mean square vector difference between

successive positions was 13.5 knm.

The vector difference In wind speeds was correlated with the difference

in balloon positions and also with time differences between successive runs. U
assuming linear relationships. The portion of the variance of wind speed

differences explained by the time interval was not significant; that explained

Oy the apace displacement was significant at the five-percent level. The linear

partial correlation of wind change with time change was only 0.18; that with

space variation was 0. 54.

In this one-day sequence, at least, part of the observed variability must

be due to space separations of the successive balloons. Further investigation

of this relation is called for, and a multiple correlation of ind change against

time and balloon position may be necessary.

VARIABILUTY

Short Sample

The lag effect on wind variability was studied using the one-day sample

as well as the entire record. The rms vector difference in three-minute

12-km winds was computed for the one-day sample for all possible lags,

assuming one-hour intervals between runs. Results are shown in Fig. 3,

Points beyond 17 hours are considered doubtful since only one to three

observation pairs were available for their computation.

The straight line in Fig. 3 provides a fit to the 17 lag points that is sig-
nificant at the five-percent level. The standard crrcr of estima'.c i: 2. 8 ntpb.

A quadratic relationship is slightly, but not significantly, better: the standard

error is reduced only to 2. 7 mps. The relation of the vector wind change to

the square root of the lag is very nearly the saine as the Linear relationship.
These statistical fits do not neceissari.y reflect physical relationships.

A boundary condition for tie phyical relationsh.p being sought is that zet'o

variablity occurs with zero lag in both time and space. The degree t. which

statistical relationships conform or can be reconciled with this boundary con-

dition is one measure of their probable real'ty. The most disturbing feature

of the linear relationship Is the zero time rms of 22 rps. Either of the

curvilincar relations mentioned above reduces this to 19, 5 rnps; an excessively

large instrument error is still implied.

The mean iro for the period was 52, 1 moDs and the stannar,i dvi--,,

was 17 mps. Low-elevation angles would be expected, and did occur, so

wind error should be great; b t it should not be as high as 10 to 22 rps. An
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approximation, based on an average height of 12 km and elevation angle of

8, 5 degrees, gives an estimated rms error of 8. 5 mps in wind and 12 raps in

wind chImjI7" The significant spatial displacements that have been mentioned

must have contributed to this zero time rms, The variability at zero time

cannot be accourted for entirely by instrument error and space variability.

After suiue r'ough allowances for these, thc rcsidual variabity may be as

small as 5 mp or as large as 15 mps. This must be due to small-scale

fluctuations analopous to those observed on the continuous trace of several

hours of surfp.ce anemometer records during apparently steady weather

situations. Turbulence does occur in the free atmosphere, and this particular

sample of wind is taken from a situation that meets many of the criteria listed
by Anderson1 for a probabiuty of ,bove-average turbulence.

It ia ,dffioult to resist making inferences from these results, partly

because they can be so dramatic, so it is fitting to emphasize that the sample

from which these results were obtained was unique. This se, of only 21

soundinzs was made during a single day when the 4et stream was certainly

overheid. There was a deep trough aloft to the west, a warm front passed
during the period, and a cold front and !ow cQnter passed early on the

f oiowing day. The analysis level was deliberately selected to show maximum

va.iability, and on at least one sounding an observation from the core of the

jet apparently was included in the sanmple.

These results might not descrilbe jet strerm conditions properly', since

a rather extreme situation was sampled., The rcrults do provide an illus-

tration of the variability that can occur near the tropopause during one day.

With this illustration, and 'ith typical conditions near the jet stream in

wind, it can be said that observed jet stream winds cannot be reprcsentative

with any great precision. This is true xith perfectly accurate observationis,

and the lack of precision in representation will increase with an observation

that is subject to error, such as is obtained from the GMD-lA system.

Complete SerIes

For a more complete view, the rms vector wind differences were

obtained for the week -long r~ccrd at lags of !, 2, 3, 4, 5, A, 9, 12 and 18

hours. Th~r- vslues ate shown as data points in Fig. 1, The rnein resultant

wind for the week xas 259 degrees, 36. 7 raps, and the standard vector de-

viation was 26. 8 rps.

The variance explained by the inear regression shown is significant
at the 0. 1-percent level and better f"its are possiole with regressions of

higher degree. The res'duai difference at zero lag decreases onl, • slightiy,
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khowever. The third degree regression has a standard error of estimate of

only 1.. 2 imps but the zero intercept is 11 mps. With winds of this speed and

variation, it in unlikely that observational error accounts for 11 or 12 raps

of the observed variability. Some of the zero tir.e rm in probably due to i

differences in the balloon positions.

Durst 2 , Spreen 3 , and others have examined the behavior of rt, the

strtch vector lag correlation coefficient. They have provided estimates of

d for use in the expression of the decay of the lag correlation rt - exp (-dr),

A least-squares estimate of d was obtained from the Hanscom data and a

value of 0. 5 was obtained. Tis Is about twice the value obtained by Durst

and rapprcclably larger than those obtained by Spreen. The uncertainty in

the eatimatc of d from this sample is so great, however, that it cannot be

said to differ significantly from the values obtained by these other investi-

gators.

That the variability of winds increases with time proportionately to the

square root of fth Ing has been noted. This was tested and the equation

shown by the dashed line on Fig. 4 was obtained. The standard error of

estimate is 0. 7 mps compared with 0. 9 mps for the linear regression. The

difference in the explained variability is slight: 97 percent for the Linear

regression, 98 percent for the square root regression, and 99. 8 percent

for a cubic equation.

The excellent fit of the square root curve to the first iour data points

is of interest. The zero lag residual variability of 6. 8 rnps appears to be a

better estimate than that given by the straight line. This comes close to the

range within which the observational error might be.

Elimination of zero lag was tried by fitting an expression of the form

rms = dtb. The equation obtained was rms = 11. 8t 0 . 3 and explained 96

percent of the variance. The J0-percent confidence limits for b were 0. 15

and 0. 43.

It seems that the square root relationship is not a good description of

the observed data unless compensation is made for observing errors.

Arnold and Bellucci 4 have determined the proportionality constant empiri-

cally and find rms = 4t 0 . 5 for lags up to 12 hours and velocity in mph. For

velocity in mps this constant would be 1. 79, which does not agree with the

values of 5.24 and 11. 8 found in this study. Expansion of the analysis to

more levels might remove this discrepancy. If it does not, further investi-

gation will be required to reconcile the difference.

REPRESENTATIVENESS

One of the ultimate goals of a study of short-term wind variability Is to
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I:.
be able to stipulate the observational network required for any specific pur-

pose. The analysis made so far is not adequate for making inferences withj any confidence, but the process of determining useful observational fre-
, quencies can be illustrated.

For general purposes the climatological average wind is a useful standard.
~The accuracy with WhLi~h it ettlateZ Zpecific wInd is measured by the standard

vector deviation. The accuracy with which an observed wind estimates the
it-~~~ The accuracy w ~ ,ith which obetmts pcfcwid es uredd byth andr

wind at a later time is measured by the lag rms.

The standard vector deviation of the 12-krn winds as observed was 26.8

naps. Most simply, this can be equated to the rms and the regression

equations solved for time. Estimates are obtained for how old an observation

Is when -t becomes as inaccurate as the clirnati, mean. The linear regression

giv- n -0 rn;;te ef 14,3 hours, the quadratic gives 13.7 hours, and the

square root yields 14.5 hours. Thus, by this standard, observations appear

to be representative for about 14 hours.

A more realistic approach is to use climatology appropriate to the piate

and season rather than from the specific sample. The standard vector

deviation is 22. 65 nps at 200 mb over Nantucket in March 5 . The lincar

i-egression indicazes 10 hours and the square root relation 9 hours for the

length of time that observations are representative. Observations .,'ould be

represetaiv,? rnr much shorter periods when the application requires

greater accuracy than that obtainable from climatology.

ROCKETSONDE DATA

While this study was in progress, data became available from a series

of rocket soundings made xith the ARCAS ROBIN system that was comparable

to some degree with the data being used herein. Details of the system and

data reduction will be discussed in a later paper 6 . The data used for this

comparison consisted of wind velocities, by components, at 65 km over Eglin

Air Force Base, Florida, for 19 soundings taken between 1930, 9 May, and

1830, 10 May 1961. The intervals between these soundinits varied between

3G and 176 ninutes. By grouping a.ccording to time intervnls, data pairs

were obtained for time lags up to 23 hours, Beyond 18 hours, however, data

pairs were too few to place much confidence in the average. Differences in

rms plotted against lag are shown in Fig. 5. The varlabilty is greater than

that observed over Hanscom at 12 km and increases mol-e rapidly with time

up to 12 hours.

1he maximum o: variability at 11 hours lag, and the apparent minimum

in the vicini4t of 24 hours, indicate strong diurnal variation. This variation
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was primarily directional: northeasterly winds prevailed from 2200 to 0900

and southeasterlj winds the rest of the time. Such a diurnal variation of

-ge amplitude, if real and recurrent at these levels, wldbe of great

importance to atmospheric physicists and to missile engineers.
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A Dfot d Wind Profile Sounding Tedhnique

ROBERT LEVITON

GEOPHYSICS RESEARCH DIRECTORATE

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

ABSTRACT

A method of obtaining detailed wind data from the radar track of a rising
balloon is presented. This method involves the use of the AN/FPS-16 high
precision radar and a small, rigid plastic sphere. Data errors caused by
radar tracking errors and the nonresponse of the halloon to wind shears are
analyzed. Somr -xamples of wind profiles are shown,

INTRODUCTION

Detdiled information on the structut'e ,f the v.ind rield *n the atmosphere

is ut considerable importance in the design and test of missie and rocket
systems. The technique currently in field operation uses a balloe'1 ttUk deter-

mined from a radio direction finder. Cunsiderable smoothing is employed in

this technique to provide information concferning th- average wind through a

relatively thick layer (2000 ft) and as a result upper air wind profles thus cal-

culated are not suitable for certain uses in missile design atid t sting, such

as for evaluation of responses to gust forcing of the structural vibratioi mdes.

This paper indicates th feasi~ility of making prcis- measurem, nts of ',%inds

through 100-ft layers from the surface to at lea-t 65, 000 ft with a special,

passive, absolutely spherical baloon and a precision tracking radar.

TRACKING CAPABILITY

he feacibtilitv ,-f Iccrminin precise, detailed wind measurem-ts ,y
r.;r :rrck of au asuciding halloon is a fuinction of th, radar tracking accuracy

and r,,ponse of the balloon to the Aind, in particular to e/rerme wind '5hears

such as are encountrcd inr -','t For e' rue trrckh-rj accuracv, s radar of

_7
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h- characteristics and precision of the AN/FPS- 16 is desirable. The FPS- 16

; has a theoretical rms tracking accuracy of 0. 5 yds in range and 0. 05 mtla

(0. 003") in azimuth and elevation angles. However, operational accuracy is
probably not quite tha t good. An AFCRL evaluation of the radar data on the

~ROBIN failing sphere progra~m indicates an rms error of less than 2 yds in

range and about 0. 1 mils in angles to be more realistic. Assuming the exis-

tence of these errors in the radar, Table I shows errors in wind speed (in

fps) that can be expected over a five-second interval, If a finite difference

reduction method was used.

TABLE I. RMS Speed Errors for 5-sec Time-averaged Sphre
Displacement

Wind Speed Height (ft) 2 1,()U0 40, 000 60,000

Light 1.0 1.6 2.0

Medium 1.6 2.0 2. 3

Strong 2.0 2; 3 2.6

It can be s,,en that the wind errors due to the tracking errors would average

about 2 fp9, somewhat greater at the higher altitudes and in strong winds.

The FPS- 16 radar is designed to produce position information on a

target at sample intervals of a period as shown as 0. 1 seec, thus allowing for

some position smoothing if desired, and possibly gr ater accuracy. The data

are recorded on magnetic tape in a form suitable for processing in digital

computers. Tabulated position data in component form are also available for

manual data reduction. While the availability of the FPS-16 is rather limited,

each U, S. missile site has at least one.

BALLOON RESPONSE

To determine hovw accurateiy a rising spherical balloon will respond to

a given wind shear it is necessary to examine the forces acting on a balloon

and the reaction of the balloon to these forces for any given atmospheric con-

ditions. Balloons that are not symmetrical both in shape and weight distri-

bution might be subjected to periodic lifting forces, giving rise to 'sailing, I

so only a perfect sphere will be considered here.

A balloon in the atmosphere, whether it is rising or falling in its flight,

cxperiences three forces; namely, the bouvant force of tne displaced air ma!s

(F 3 ), the Aeight force on the balloon itself(Fw), and the drag force due to
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the balloon motion relative to the surrounding air miass (FD)- (The corio1Ip

airuV iniate io the windm errhbllor, whil gi the vertictioal balloonW i
elocityd asumig here mis noe betalo win.nldn tsgn

eqnl th horizontCal he onV fic act the balloon reaiet the dr morce,

anD the dqati coffitint caf the writen asAteda ra.F)i xre

in bo he hrnan verticaldithctequation iofcmotion becomesb

wrtena - /2 VCkDA A .~ an -1/ 2gP1CA rsccie h

Theu i ndiZaterm wid)ar the hoiznta anowhld h vertical acelraios lrsoctvn y

Ceocbinyuing the qais yoield caswnd

In the as ztlte ofl aoc risecingth balloon is-er the drag ffrs sri~v orcn ,

In ise eretivalyeo n the euaofmtion becomes

-M - /2PV D V +p 2

For andgivntermsshar (S)e horista an ccntal orcelerationThereforeciey

thColloing aes equaritt e d

dW d X Z (4)

Isi effeStisedefznrd an the he ain orionae dwt hihte

W - *W d3)

dt dt d
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i u o long as the balloon is not floating, or Z 0, S istituting in Eq. (3)

yields

* - , (6)
M ng P- Q 2g

L

For radar tracking purposes, a rellective, rigid balloon of some kind

would be required. Experience has shown that a nonexpansible spherical

c balloon made of aluminized mylar is the optirnuti, configuration because of

weight, tensile strength and othLr considerations, including its ability to

withstand a certain amount of superpressure without distortion. The following

Table 2 shows the response error (W - X) in fps for various thicknesses and

diameters of mylar balloons for a shear of 0.25 sec I at 2 5, 000 ft. (Such a

shear would result from a gust in which the wind vector changed 25 fps through

a 100-ft layer.) The rate of rise was assumed to be 23 fps.

TABLE 2. Response Errors (fps) v Sphere Construction

Diameter Thickness 1/4 mil 1/2 mil m mil 2 mil

I meter 1.6 3. 1 --

2 meter 1. 1 1.7 3.0 9.4

4 meter 0.9 1.1 1.6 3.0

It can be seen that the error increases with balloon thickness and de-

creases with ballcon size. Therefore as large and as thin a balloon as possible

is desirable, taking into account its capability to reach the required height,

its cost, the launching problems and trackability. The two-meter, half-mil

typc appears to ,eFst fit these requirements at the present time. This balloon

would have an error of 1.7 fps at the very large 0.25 sec - l shear.

No development effort will be necessary for these commercially avail-

able balloons. A gas valving technique, enabling the balloon to rrrnain corn-

pletely inflated up to th maximum height attainable, has been designed by

the G. T. SchJcldahl Ce. for a similar balloon used at the Pacific MiLsile

Range for radar calibration work. Approximate cost of the half-mil, two-

teeter balloon ranges from about $50 each for a small number (under 100) to

about $25 each for a large procurement (1000 or more).

Another possibility for ebtaining radar wind data is with the use of an

expansible neoprene balloon with chaff dipoles a'her~ng to the inside film.

J!l9C



Theoreticaly the W - X for this balloon (800 gmo atazidard 61zej i l 35, 000 It,if for example, would be about I. 7 fps also, and cost of uch a balloon would be

somewhat less than the mylar balloon described above. However, there is _

grave danger of such a balloon having a tendency to 'sail' under certain

conditions of shape distortion and altitude, thus introduning an ncalculable

error into the data.

FUGHT DATA

A series of five balloon flights were made at Eglin AFB, Florida on

6 and 7 September 1961 with a helium-filled two-meter, half-nil! mylar balloon

tracked by the FPS- 16 radar. Wind conditions throughout the flights were

extremely light. Although time precluded a complete analysis of the data,

some interesting results are evident. Figure I shows part of the profile of

Flight No. 3. Winds calculated over 5-second intervals through that segment

are shown in Table 3.

TABLE 3. Part of Wind Profile, 1706 CDT, 6 September 1961,
Eglin AFB, Florida

Height (It) Wind Speed (fps) Direction ( frnm)

36387 24 18
36493 17 352

36596 17 22
36702 15 63
36817 0 --

36924 4 152
37033 25 64
37130 17 11
37223 71 61
37348 z2 29
37479 ,5 50
37608 18 71
37733 22 68
37852 22 25
37951 18 9
38055 10 103
38155 26 83
38257 33 63
38357 31 56
384(;3 26 46
38571 24 73
38695 I 94
38834 17 49

______________________________
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Some rather large wind shears are to bc noted. It is believed that these

iheara are real, Figure 2 is a position plot of part of the profile in Fig. I
~~usingl the radar obseryations fnr each half second. The relative snoothneqm[

of thi~s curv'e tends to verify' the previously indicated FPS-16 tracking ac-

curacy. Figure 3 is an altitude-time chart for the period of the flight shown

in Fig. 1. Obviously, iurt ier analysis of these and subsequent flights must

ce made before any conclusive statements on the accuracy of the data from

this tracking technique can be forthcoming

CONC LUS IONS

From the foregoing discussion it appears that the technique of tracking

a two-meter, half-mil aluminized mylar sphere by an FPS-16 radar will give

wind data through a strong sheat to an accuracy of at least 2 to 3 fps over a

five-second time interval, taking into account both the tracking anJ wind

response errors. This acciracy can probably be improved by the use of a

smoothing technique, with a airnewhAt more sophisticated data reduction

process. Also, the wind response error can, if necessary, be evaluated

and a correction made as in the case of the ROBIN falling sphere, Thus, it

does not seem unreasonable that the ultimate accuracy of the radar-sphere

method can approach I fps for the five-secmid interval, perhaps allowing

shears to be measured over a thickncss aS small as 50 ft.

In summary, some of the advantages from the unc? of the technique are

as follows:

I. Tl'e technique proposed is simple and straightforward with high

reliability,

2. The instrumEntation and techniques required are currently avail-

able, so that neither time nor money need b spent in design or development.

3. Necessary data are obtainable under all weather conditions, thus

permitting the dv-elopment of a representative climatology of prcis wind

measurements.

4. Operating costs are low, under $5000 for 100 flghts per y2ar.

5. Computer programs are available for automitic reduction of data,
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Wvmd wruf and Forecastig Problems at the Atlantic Missile Range

MAJOR ROBERT L. MILLER, USAF

ATLANTIC MISSILE RANGE

PATRICK AIR FORCE BASE, FLORIDA

ABSTRACT

A summary of the surface and upper wind launch criteria for the various
missile and space systems is presented. The problems and methods of fore-
casting winds to 110, 000 ft are discussed. The d!fficultios associated with
wind measur :is and forecastsduring high winds and extreme wind shears
are discussed. The accuracy requirements of wind measuremf;nts as stated
by users -f the Atlantic Missile Range are given.

In the consideration of wind forecasting problems at the Atlantic Missile

Range (A.MR), it is necessary to include the measuring problems. Missile

contractors ask for general forecasts as many as 2 to 3 days in advance of

launch date ard continue until near launch time, wanting more detailed fore-

casts of the wind profile as launch hour approaches. It is obvious that errors

in the observed vinds N;ill introduce similar errors in the forecasts. Under

wind conditions that approach the -maximum allowable for a particular launch,

the gene,-go d-'cision is based on a measurement taken as near to launch time

as possible, that is, in effect, a p.rsistence forecast. Knowledge of the trend

toward improved or worse cenlitions is of course considered. In addition, the

observed wind profile takeni immediately after launch is used to determine

wh'thpr mr t Ai,, zt',n7n t cr r 7-rfornoncc ,!th: naise .fe

a rsuit of extreme wind shears or speeds.

Thor,. are some fifteen active ballistic missile and space programs at

the AMR vith vehicles ranging in size from the PERSHING and BLUE SCOUT

to the SA FURN being prepared for launch this fall. It might be said that the

design.,rs are responeible for the fact that there are forecasting problerrx. ,f

a s.vs:em were designed to operate undet any extreme wind conditions there

would be no requirement for wind furecasts, There are several good reasons

why all of the wind problems are not designed out rif a partjcular sYstem:
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(1) the specifications do not call for designing for the most extreme conditions,

(2) to design for nuch conditions would be costly both in money and payload I
capability, (3) precise meteorological data on which to base design criteria

are lacking, and (4) weapons system boosters are being used in ways for

which they we"e not originally designed, for example, the ATLAS vehicle.

Most weapons systems being tested at the Cape, including ATLAS, are

designed to be launched in surface winds up to bO knots, including gusts. Some

of the complex orbital an space probe systems are much nore wind sensitive.

One particula' vehicle launched at the Cape coild theoretically have been

Affected by gusts with periods of the order of 0 sec or less when the service

structure was removed. The anemometers in use at the Cape have a responce

time of approximately I to 2 seconds, For this reason, gusts 50 percent

higher than the gusts measured on the anemometers were assumed to be pre-

sent and the maximum allowable wind was reduced accordingly.

The levels of the maximum allowable upper wind speed and shear, as

stated in AFIMTC documents for most missiles, are between 25 and 45

thousand feet. The maximum speed varies frorn 120 knots to 180 knots and

the shear from 20 knots/I, 000 feet to 40 knots/I, 000 feet. For some of the

more sensitive vehicles, the wind effects are so complex that a computer

r,ust be used to determine if the forecast wind profile exceeds the launch

criteria. The launch minima for these vehicles are not stated explicitly.

The limitations of the GMD- IA rawinsonde equipment cause uncertain-

ties in the measurement of upper vinds, especially during jet stream condi-

tions at Cape Canaveral. The GMD- IA cannot measure winds when the

elevation angle of the tracking antenna falls below 6'. At Cape Canaveral

the tracking data become erratic at elevation angles less than 12 to 14". Upper

winds producing angles of 8 to 12' are quite common during the winter months

and can persist for several days. These low elevation angles cause the
antenna to hunt which in turn introduces fittities shears and large errors in

the observed wind profile. Unfortunately, this problem is acute at levels

where the winds are strongest and real shears are greatest. Vuring past

winter seasons, up-wind balloon releases have been used to keep th2 elevation

angles large. This has been effective in improving the data. Th smoothing

procedures used in the computer processing of the GMD- IA data help to

reduce this sour'ce of _,rror but also eliminate small-scale motion of the

atmosphere. The winds that are computed are actually mean vectors through

2, 000-foot layerr or, under high wind conditions, 4, 000-foot layers. The

computation of wn. through shallower layers is no' Jestified hecause of

limitations of the tracking data. An estimate of the error of GM.D-IA mea-
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sured winds is given by 0.9h x 10 .

aV' sn2a

where ,V - rmns vector error in knots, h x height in thousands of feet and

a - elevation angle. With strong upper-levels wiads, rms vector errors of

30 to 35 knots may be expected (see Fig. I).

Table I shows the required accuracies (rms error) and altitude for

t: launch-time observed wind data, as stated by the various AMR users. The

wind profiles measured near launch time that are used for test evaluation pur-

poses, with allowable rms errors as given In Table 1, are required by some

range users to be given in 500-foot intervals. It is quite apparent from the

previous discussion that the present wind equipment and processing procedures

do not justify this much dotail. The GMD-2, which is expected to be in use at

the AMI' by early 1962, will help to reduce the wind errors hecause of its

capability for measuring q;ant range, In addition, an attempt is being made

to provide more accurate wind profiles for evaluation of SATURN test-vehicle

performance by tracking a 6-foot mylar sphere with FPS-16 radar.

Up to the present time at the AMR, the wind forecasts required by missile
and space vehicle test agencies have been for surface (0 to 200 feet) and for

wind profiles from the surface to 110, 000 feet. Some of the test programs in

the near future, such as SATURN and DYNASOAR, will require wind profile

forecasts up to 2 50, 000 feet.

The methods for wind forecasting for missile launche,- at the AMR are

essentially those used for forecasting for aircraft operations, except that a

vertical profile is required for the missiles, whereas the horizontal wind field

is usually of more importance to aircraft. As mentioned previously, the level

of critical wind speed and shear, of primary concern to the missile contractor,

usually coincides with the level of the tropospheric wind maximum--25, 000 to

45, 000 feet. The wind msximum and shear facsimile prognostic charts from

the National Weather Center are used olong with the progs for the various

pressure levels to arrive at a forecast profile. This method is not completely

satizfactory, especially with the more wir-d-sensitive space vehicles which

require a detailod forecast profile, with winds at close intervals, t7 be run

through a computer to determine if launch criteria are exceeded. Our present

forecast techniques do not warrant presenting wind profiles in greater detail

than at 5, 000-foot intervals for periods beyond 6 to 12 hours. Such a forecast

profile given in 5, 000-foot intervals may not portray shears which cause

*Karl Johannessen, Accuracies of Mereorological Upper Air Data, Hq
AWS, Scott AFH, III. Unpublished report.
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TABLE I

REQUIRED ACCURACIES AND ALTITUDE FOR LAUNCH TIME

OBSERVED WIND DATA

ALTITUDE

50, 0j0- 120,000-
0-50,000 FT 120,000 FT 250, 000 FT

POLARIS 5. 0 kts. 50 Sme -

HETS (BLUE SCOUT) 3. 0 kts, (V.E) Same

PERSHING 0. 5 kts, 50 Same Same

AT LAS 6.0 kfs, 100 Same Same

TITAN 6. 0 kts, 100 Samc

ATVJ E NT 6.0 kts, 50 Same

MERCURY 0, 5 kts, 50 Same Same

MINUTEMAN 10.0 kts (VE) 18.0 kts (VE)

CENTAUR 5,0 kts, 50  Same -

DELTA 6.0 kts, 50  Same

TRANSIT COURIER 6.0 ktb, 5) Same

RANGER -

SKYBOLT 6.0 kts, 100 Same

SATURN I

DYNASOAR j____
,Data required but accuracy not stated.
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concern, whereas the 'true' w,.rad which includes vertical sliears produced by

motion of the scale of tOCO to 5000 feet may cause excessive wind load@

especially on some of the more complex combinations of ,ioosters and payloads.

For thin reason observed wind profiles are provided for unusually wind-

sensitive vehicles eglnning at 12 hours prior to launch and continuing at
!F intervals, depending on the w5.d and shear magnitude, until launch.

As indicated by the title of this paper, only AMR problems have been

discussed. The research and development agency, AFCRL for the Air Force,

is well aware of these problems sid is devoting considerable effort and funds

toward their solution.
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* Snioke-Trail Measurements of the Vertkal Wind Profile and Sorne

IIAflOLD B. TOLEFSON '

NASA LANGLEY RESEARCH CENTER

ABSTRACT

Thbis papeLr discusses a method in which the detailed structuro of the wind
profile is dttE-rmined fronm photographic tracking of a st--oke trail left b,, a
vcc rtireply rising rcke,,t. 'I heaccuracy of the method is discussed and results
are presentedi in the form of wind profile ineasurerrents. Particular attention
is given to small-scale wind! fluctuations w hich cannot b,- measured with con-
ventioral wind-sounding systems. The implications of these fluctuations to
m-iss;ile loading problorms are illustrated by the results of computur studies of
missile? respnses to different w ind profiles.

INTRODUCTION

Thu prnhlum r of obtaining accurate meaeurernients of the wind structuIre

for application to flight problerns has been under continuing study fnr anumber

of \euars. The need for improve6 iwl measurements has been particularly

crnrhasized h,, thcecurrent development and use of large and complex rocket

vehicles for launch threugii the 2Krri's atmosphere. For such vertically rising

vehicles, the wind conditions exp-rienced duirlng the exiting fli4ght phase are a

major loading source and Impose- sevious design conditilo';s on the vehicle's

structural strecngth capabilities and oii its guidance and control system.

In an effort to provide Improved Mo measurements a technique based

on photographs of visilel trails emitted from vertically rising rockets has beeOn

under decvelopmn,t byv NASA for ahout a year. This techniaoue has provided

highly accurate measurements of the complete w ind profile including small-

sonI.' wind flue~ituatle whid'. n'rc 'z' .a i crive ntional souncting

wA~id measuremnrts. It has the furthe~r advantage of providing the measure-

meitts along typical mnissile trajectories, thus eliminating the differenices tn

the wind structure be7twee-n the time -s.cpare Fath follow.ed b% balloons or other

commonly used tracurR in-l t- r~~tia ~e~ecieuv
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The purpose of this paper is twofold. First, the smoke-trail technitue

will be briefly described and some measured wind profiles will be discussed.

Secondly, the measurements will be applied in missile response calculations

j_ as a means of highlighting some missile response problems.

NOTATION

b length of base line between cameras, ft

f focal length of camera, in.

x'. z' norizontal and vertical film coordinates, in.

X, Y, Z right-hand (Csrtesian coordinates with origin at camera I,
X axis along the camera base line, and Z axis vertical, ft

a azimuth angle at camera from Y axis to point on smoke trail,
positive clockwise, deg

dihedral angle at camera base line from horizontal plane to
plane containing point on smoke trail, positive upward, deg

subscript I refers to camera I

subscript II rofers to camera I.

MEASUREMENT PRINCIPLES

The principles of the smoke-trail measurements hav hin dscrhe-d

rather completely; 1,2 aceurdingl',, only an outline sufficient to give in

understanding of the basic principles is given here. A filament compnsci of
very fine particles, or 'smoke, provides an extremelv sensitive tracer

system with nearly perfect response to v'ery small-scale atmospheric motions,

at least througnout the relatively dense atmosphere below 10u, 000 feet. The

smoke particles have essentially zero fall rate, and it is thus possible to

deduce a wind velocity from a time averaging of the displacement of the trail

without also being concerned with a vertical-height averaging interval, The
general measurement system is illustrated in Fig. I.

Figure I illustrates the trail as It is distorted by the winds a moment

or so after missile passage and the two camera sitef %rhich make up Lhe
ground installation. The distance of the cameras to the launch site is about

I C miles for this particular application in which photographe of a trail up to

about 100, 000 feet are desred. The trail sketched in ?:g. 1 ma b- formed

either by the natural exhaust products of a solid-propellant rocket or by

introducing hygroscopic particles into the wake of the rocket to indu:c con-

densation of atmospheric water vapor. In either Case it is possible to obtain
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a highly reflective trail 'hat poruists for several minutes for photographic

applications.

A set of photographs of a rocket exhaust trail to taken from the two

camera sites at the WaIlops station is shown in Fig. 2. These particular

photographs were taken about one minute after passage of the rocket and

£ show the distortinns in the trail due tn the varying winds at different altitudes.

The determination of the trail displacements over given time intervals from
sets of such photographs forms the basic scheme of the smoke-trail wind

measurement system. Obvious operational requirements for this system arc

relatively clear skies and good visibility, For some locations, these require-

ments may severely limit the application of photogrammetric methods of wind

shcar r,-easurements.

As can be noted from an examinati,-m of Fig. 2, it is usually not possible

to identify a common point on the trail in the two photographs. This identifi-

cation of points is an important feature of thn smoke-trail reduction procedure

and is described in the fcllov~ing iaragruphs.

Figure 3 shows the image of the smoke trail as it would be formed by a

camera pointcd perpe-ndicular to th base line and in the hoizontal plane. It

can be seen that the following relations between the angular values and film

coordintates hold for the camera system:

tan r. -- 1)f

ta - z(2)

Ifh, is,- rf tit:,c tee angh-s in identification of points, and in computation of

the g.ographic position of th: points, is illustrated in Fig. 4.

Notice in Fig. 4 that the elevation angle c is the dihdral angle bctween

the horivontal plane and the plane throulgh the base line b and pCint (XYZ) or.

the smoke trail. This angle sr-Ls as a means of identiftoation of the, point

on the simultaneous photographs from the two camera sites since it has a

common value for an,. riven pint. Th,, t,.- ar.mutn angles aI and 'IT are

measuned from the Y-axis direction to the projection of the point (XYZ) on

the horizontal plano.

From Fig. 4 it can he seen that

tan (3)

tan (-Cl1) X
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t z
tan c = (5)

and solvlng simultaneously:

*b.tian ai
tan o3  - tan

bb.,(7)
tan a I - tan a,,

b tan C
tan a I - tan all 

(8)

Equations (6), (7), and (8) define the position in space of any given point on

the trail. Repeating this procedure for a large number of points read from

the film negatives defines the X-Y coordinates of the trail at closely spaced

height (Z) values. The wind components along the X and Y axes at a given

height Z are then found simply by subtracting the X (or Y) values deter-

mined from successive pairs of simultaneous photographs and dividing by the

time interval. In practice, it is not convenient to aim 4he cameras perpen-

dicular to the base line and in the horizontal plane as in this simple example,

and coordinate transformations 3 are used to give equivalent results for

cameras aimed tow'ard the trail.

RF.TTT,TS OF MEAS-M-E,.ENTS

As an illustration of the wind profiles measured by the smoke-trail

technique, the W-E and S-N components of two measured profiles are given

in Figs. 5 and 6. The profiles were measured at the NASA Wallops Station

and represent light to moderate wind conditions throughout the altitudes

covered. In each profile the wind velocities have been determined at altitude

increments of 100 feet as given by the dotted points in the figures. This

degree of detail in specifying the wind profile Is considered adequate for

missile response problems encountered to date, but if necessary, somewhat

greater detail nould be obtained.

The important feature of Figs. 5 and 6 Is the continuous nature of the

disturbances throughout the proeile with jerge- and small-scale wind fluctua-

tions following one another in altitude in on apparently random pattern. Many

of the small-scale disturbances have verical wavelengths considrabl, lE

than 10 O feet. The large number of indeoende.t data points obtained by the

smoke-trail method allows even these small-scale disturbances to be traced
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out quite clearly and gives a high degree of dtail in the wind profile.

Although not many aroke-tral m.asuremc.nts h,-- been obtained to date, the

random distribution of small- and Iarge-scale disturbances throughout the

7 altitude range covered appears as a common feature of all measurements

and is apparently typical of the wind inputs to vertically rising vehicles.

A definition of the fluctuations at the different altitudes as in Figs. 5

and 6 requires, of cour', very accurate wind measurements, and it is

appropriate to discuss the measurement accuracy briefly at this point. In the

smoke-trail measurements relatively great errors can be tolerated in the

absolute position of the trail as long as these errors are consistent from

frame to frame. These systematic errors tend to cancel out in the subtraction

of successive trail positions for the wind-velocity determinations and thus have

little effect on the final wind measurements. Other random effects that gener-

ally do not cancel out contribute the major errors to the present system, The

primary factor contributing to the overall error is reading the position of the

smoke-trail image on the photographic negative. Other factors affecting the

wind velocity error are the focal length of the cameras, the location and

aiming of the cameras, and the position and slone of the smoke trail. Detailed

error enuationq in term-= nf h faer. C ab. . }.V. b.n developed and

discused. 
1,2, 4

Table I summarizes the rnis vector wind error as a function of the

altitude of the point in question and the altitude coverage afforded by the

camera installation. The conditions concerning averaging time interval,

random reading error, etc., are noted. The upper row illustrates thf. ac-

curacy of the wind measurements foe ai altitude coverage up to 100, 000 feet.

TABLE 11,2,4

RMS VECTOR WIND VELOCITY ERROR, AS A FUNCTION

OF AI.TITIMnR AND RANGE

Altitude Coverage Altitude of point on trail, ft
ft 1000 10141 I 150, 0 100,000

U o.141 0.178 0.330 0.525

o,oo 0.373 0,107 0.262

10, 0G0 0.018 0,053

Based on:
Camera ele',ation ard azimuth angles of 4;' rms reading error of 0. 001 in.
Q" by 9" film negative.
I-minute time averaging interval
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These values are representative of the camera installation at the Wallops

lIsland range. Notice that the wind velocit, error increases with height, but

even a' the top of the trail at 100, 000 feet the error (0. 525 fps rms) is

negligibly small. This degree of accuracy is sufficient to allow definition of

the small-scale and random fluctuation in the wind profile as previously dis-

cussed in connection with Figs. 5 and 6.
" The other rows in Table I are indicative of the accuracy that would bX!

obtained with less height coverage from a similar camera arrangement. For

the lower altitude ranges of 50, 000 or 10, 000 feet, a much shorter averaging

time than the l-minute interval assumed in the table might be used, and would

probably be necessary as the trail would he blown out of the field of view of

the carner in a short time.

APPLICATION OF MEASURED PROFILES TO

MISSILE RESPONSE CALCULATIONS

The unsteady aerodynamic loading conditions resulting from wind dis-

turbances as given in Figs. 5 and 6 are of great interest in connection with
responseo cf la'gj ,o . Thu loads from this varying wind input

when coupled wid. low acrodynamic and structural damping could excite the

lower frequency structural modes and thus result in severe dynamic loading

conditions. Although the wind-sounding data currently available for applica-

tion to vehicle design problems do not provide the finer details of the wind

profile, the effects of severe and sharp wind fluctuations have been allowed
for to a degree in design practices. Design procedures, for example, con

consist of mulwepusing on the loading determined from the steady winds the

loading due to a (I-cosine) shaped wind disturbance or gust. To produce the

maximum effect, the wavelength of the gumt can be adjusted to excite the

fundamental structural mode of the vehicle under consideration.

In an examinatlon of the significance of the more complete wind profile

to missile loading histories, the bending-moment responses of the Scout

vehicle have been calculated for flight through the wind profile given in Fig. 5

and for flight through the same wind field as it inight 'R. measured with a

balhoon. These two wind velocity measuremenwts ar- .r..,,' in Fig. 7. In this

figure the dashped curve indinate the simulzt~d (perfcet) ,:.Ioon measurement

and was obtained simply by averaging the smoke-.rail -*inds over 2000-foot

altitude intervals. This int.rvel correcsponrR to the airag .ng altit-de usuallv

used in evaluating radiosonde sounding data. Ae can b note, in Fig. 7, this

niethod of simulating thq balloon measurernv".t leads to a highly s,,td

profile, the smoothing being particularly apparent at altitudes near 17,000
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and 35, 000 feet. These relatively mild winds would not be suitable for design o

purposes, but will serve for making the desired comparisons.

The bending-moment responses of the Scout vehicle to the wind profiles

were calculated on a digital computer by a system develop-ad by Vernon L.

Alley, Jr., of the Engineering Division, LRC. The equations of motion des-

cribed perturbatione in the pitch planc about a reference trajectory and

included three elastic bending modes. The solution to these equations was

found using time-varying coefficients and included an active rate and altitude

guidance system. The resulting maximum bending moments as a function of

altitude are shown in Fig. 8 for flight both through the smoke trail and from

simulated balloon measurements. These bendinz moments were ri,-,

for a station at about the miapoint o: the -firat stage; similar restilts were

obtained for other stations.

The benciiig-moment curves illustrated are actually 2nvelopes of the

maximum bending moment. The insert in Fig. 8 shows the details of this

bending moment near 35, 000 feet and illustrates the cyclic characteristic of

the reaponse. The large response at the str-ct,,ral frequencies of the vehicle

S ~ ,.. . -- 'a~lY Wu ch smoie-trdii measured wind.
The significant results from Fig. 8 are the larger bending moments for

the moke-trall winds throughout all altitudes up to 50, 000 feet. Near IS, 000

.'eet and 35, 000 feet, in particular, the wind fluctuations indicated by the smoke

trail measurements resulted in significant increases in the bending-rroment

r'sponses. The increase at 18, 000 feet resulted fr,"m the large single spike

in the Emoke-trail wind measurement at that altitude sec Fig. 7), whereas

th, increase at 35, 000 feet resulted ft-om the response of the vehicle to the

t* iuerce of wind fluctuations. In both cases the Increase in load comes from

,,- response of the elastic modes which usually are not excited by the smoothed

win ! profiled.

As has been noted earlier, design criteria established within the aero-

epac? industry account for sharp wind fluctuations by superposition of the

loads from some gust, such as a'step or a (I-cosine) shape, on the loads

cacu ated for an averaged wind profile. In an attempt to determine If such

a procedure would account for the increase in load experienced by the vchicle

due to the sinoke-trail profile, as compared to the averaged profile, the

bendln-'- moment response of the Scout was calculated at various altitudes for

a s, e - of step gusts. These loads were then added to the loads due to flying

th,. ;r-ndated balloon wand profile. It was found tht an 1 ff/,QPn ,fr,

was rec, tired at I8, 000 feet to make the total tvrnd.ng moment reach the cv.l

predicte by flying the smoke-trail profile. Similarly, at 35, 000 feet a 6 ft/

, ' st was required, For this case of the Scout vehicle, a superposition
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of loads of the type considered in the vehicle design resulted In loads as severe
a those calculated for the smoke-trlP winds. As has been noted, however,

few smoke-trail measurements have been made and the wind speeds and wind
gradient@ exhibited herein are by no means maximum conditions.

An additional ?actor of Interest concerns the correlation between the

steady or mean wind speeds and the higher frequency fluctuations about the

mean. The wind velocities measured so far Irom smoke-trail soundings ar
relatively mild, the velocities of Fig. 7 never exceeding 80 fps. The fluctua-

tions, on the other hand, appear quite large. In this connection it might be
notpd from Fig. 7 that the fluctuation from the mean is 27 fps at IR, 000 feet.

There appears to be no surm methd of c tr ..... th- conditinrs fcr thnn

relatively low wind speeds to the much higher wind speeds used in design.
Although it might be expected that the fluctuations do not increase in direct

proportion to the wind speed, a firmer answer to this question awaits the

acquisition of higher-speed wind data. In this regard, measurements recently

obtained at Wallops under considerably stronger winds at altitudos of 30. 000
to 35, 000 feet will be of assistance.

CONCLUSION

The smoke-trail metnod offers unique advantages as a wind-measuring

tool for missile applications; the most important of these is the ability to

obtain a precise measure of both the short- and long-wavelength wind distur-
bances aloni missile flight paths. An examination of the bending-moment
responses for a missile flight through a given wind field as determined by a
swoke-trail measurement and by a balloon measurement indicated considerably

more severe loading conditions fur the Hmoke-trail winds. The increased
loadings are attributed to the bending-moment amplifications resulting from

excitation of the structural modes by the unsteady wind input. A brief

consideration of current design practices indicates that these effects of sharp
wind fluctuations are allowed for to a degree by the application of varying
forn-, o; :2 superpv-siton. A significant feature of the smoke-trail mea-

surements is that they provide a basis for evaluating the adequacy of more

simplified design proordeure, The smoke-trail wind measurements are
being extended to the sever-r wind conditlons for a more complete investiga-
tion of these problems.
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* The Jet St reami Profile anid Assodoted Turbulene

K GEORGE S. McLEAN, JR.

GEOPHYSICS RESEARCH DIRECT01'ATE

AIR FORCE CAMBRIDGF RESEARCH LABORATORIES

ABSTRACT

The general discussion of Lurbulence is followed h a diseucalon of turbulen c
in relatic:i to jet streams. Horizontal and ,cortical wind profiles are combined
into a model of the jet stream. Distribution of turbulence act ohserved in

P--*11E-mMhsa~n h C izr is-' C',

of severe turbulence (with a maximum true gust velocity of 31 ft sec "-) in
convective clouds in a well developed squall line and observations of even
stronger cle&: air turbulpnce (true gust velocities up to 37 ft sec-1) in a Jut
stream si~uation ar discussed. An estimatr of the intensity of turbulence
and the vertical ex'ent of turhulent layers on n typical w ind profile through a
jet stream !, prerented. Some important considerations for the occurrence
of turbulence appear to be the change of vertical wind shear with height, thermal
stability, horizontal convergence in upper air troughs, and strong winds. The
most severe turbulence that could have an effect on aerospace vehicles can be
expected to be encountered in front of an upper air trough in the region of jet
streuam v.inds.

DISCUSSION OF TURBULENCE

Turbulence in the atmosphere is described' as those motions smaller in

scale than the motion that is designated as the mean flow. Larger scale motions

occur as drafts in convective clouds and vertical njolions in such phenomena as

mountain waves. Turbulent eddies with dimensions of 50 to 500 feet can cause

yawing, pitching and rolling of aircraft as well as other erratic motions, and

would influence any vehicle passing through the region.

Turbulence over land is dependent upon terrain on!y *- a limited dr,-r7,

at altitudes of 30, 000 to 40, 000 feet. Overall there is mnr turh,0!-ncc in

winter than in summer (due generally to stronger wins ard stronger wind

shears). Maximum turbulence is found in the vicinity of jet streams. A figure

of 3 percent of the time fer turbulence over ground is quoted from NACA and

can be compared with a low occurrence of 0.2percent' of tLne over water, but
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in jet streams the overall average is about 12 percent of the time with tur-

bulence encountered up to 4U percent of the time in particular sectors near

the jet stream core.

HORIZONTAL PROFILE THROUGH JET STREAMS

Average horizontal wind profiles through jet streams are shown in Fig.

1. This figure shows ,Aerage wind ped profiles acroso jet streams for

various profile classes. Wind speeds are expressed in percent of the maxi-
S4 .Th, p,- q a ow, r ther nio"th values cn crossinr the

would be expected on an individual profile. There are not the intense varia-

tions that have been indicated in the pa.t, however.

a' vct~a pro'I TcT ("I'r3L AIvcu hg o.

streatn is shown in Fig. 2. This is an actual wind profile measured by GMD-2

equipment at Bedford, Massachusetts on 3 April 1957.2 There are small

variations in the wind in the vertical but not the irregular profile with many

smaller maximums as have been measured by less accurate equipment.

Figure 3 shows average profiles of wind speed in the vertical measured from

the level of maxlmim wind. Generally, this figure shows stronger shear

with stronger wind 3poeds.

THE JET STREAM MODEL

The principal features of jet streams have been combired and presented

in the form of a Jet Stream Model (Fig. 4). This model is based on a com-

bination of aircraft observations made by the Geophysics Research Directorate's

Project Jet Stream over the eastern United States from 1953 to 1957.3,4

This is an ave-,agc model of the jet stream. Particular Jet streams vary in

man ways just as other meteorological phenomena differ from their ideal-

izations. Tropopause breaks vary from case to case, as do vertical and

hori-or.a! wind shears, upper fronts, etc. The deviations of particular jet

streams from the mean stricture ma'. often be inferred f'-om synoptic data,

if these data are plentifui. However, without clear evidey:oe of deviations,

it must be assumed that the average striactare exits.
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DZSTRIBUTION OF TURBULENCE ABOUT THE

CORE

it The frequencles of observed turbulencc (as measured by Project Jet

1Stream aircraft) are shown in Fig. 5. Observations of turbulence of just

perceptible intensity (called 'very lght' by crew members) are clasmed as
nonexistent in this tabulation. From this figure it can be seen that turbulence

is most likely to be found north of the jet stream core near the polar tropopsuse

and above the core along the tropical tropopause. 1, 7 Indication of a maximum
is also found in the 'let traram front. T r is lees urbulence in the jet core

Itself than in the nurrouxiiing arees,

SEVERITY OF TURBULENCE

Much of the turbulence observed by Project Jet Stream aircraft wt'a;

classcd as light turbulence (true gusts less than 5 feet per s~cond). A consi-

derable amount was classed as moderate turbulence gusts (greater than 10 fefet

per second) and some was classed as severe turbulence (gusts greater than 20

feet per second). During one flight into a squall line, convective turbulence

with gusts over 20 feet per second was encountcred a good part of the time that

the aircraft was in clouds and at one point me-asured a gust of 31 feet per

seccnd. 8 The strongest turbulenc obse rved by Project Jet Stream, however

was observed in clear air in a moderately strong iet stream (146 nots). Or
this flight No. 27 (Fig. 6), the most severe turbulencL encountecd on each of

three traverses through the same locationi was 32, 35, and 37 fet per second,

true gust velocity, respectively. The synoptic charLs and terrain in this case

gave no indication of turbulence in this region.

PROPERTIES OF THE FLOW INDUCIVE

TO TURBULENCE

A comblnation of factors seems to be of importance in the location of

clear air turbulence. There are many theories as to the best method of fore-

casting the occurrence of turbulence, but no one method stands out above the

others. One important factor that has been studied perhaps to tue greatest

degree is the vertical wind shear. Even more important is the changf of the

-, r'ical wind shuar. Ailother important feature that showed up in Prcject Jet

Stream studies is the local mesoscalh horizontal convergence. Thir is

probably a contributing factor and should be studied further,
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, curvature of the wind flow pattk rn at jet stream altitudes is also

921tI. rtd arx important factor, Project Jet Stream flights, in front of troughs

:4 latersection of jet streams (such as I jighit No. 27, Fig. 6) encountered

SW!'.-t!e or severe turbulence in nearly every case, The severest turbulence

OL, g'!EiLtatifor vould be found to the north and slightly below the Jet stream

ne vicinlty of the polar tropopause. Strong updrafts were also found

"',U ,IAL S:HEAR AND MICROSCALE

,2NT EDDIES

,epLical sounding has many variationi in the wind, such as peaks

V'V i--rurrs , t I difficult to describe the turbulent eddies created. On the

&' i. , '~inerc car. ttirbilence be expected to he encountered in looking at

11i:IZ',ertical winl orofile through a jet stream andi stldying the vertical

tat;,.:rs ainm th. vcrtical gradient of the win sh-ar. This has been studied

and principles have been theoretically derived in Fn effort to ex-

7i' jy rect*rce of turbulence. 1, 7

.: o vsf , a number first derived by Scorer in the hopes that it wotld

c '.it:vrin if,,r estimating the tnt.nsity of cleav air turbulence,

' . Scvrcr nrber

V --

6 5Z

:s tnc .yin ; speed, A is the vertical gradient at the wind shear,

, :s pote;tiai tn..urc, andl A ./ AZ is the vertical gradient

,4U .3 'K,, ue d turbu,,en c- data gathertd durin: the U. S. Synoptic High-

:,E :'l st Pr:)lgraw in 1953 and found, generally speaking, that as the

, , ._nb.r iacreased from negative through zero to positive, the intensity

; pn. -,cice c iatigd frum '-one to slight to mod-rato.
V- -t-is 0K esent ;tndy, independent data from Project Jet Str am flights

L --.J1. A lzrgc numb._,r of cases were not available, but by studying

Jw t rig v',ici aseents and descents were made through turbulent layerF,

l grrt rn.t't was found Aith studies h- T eke,

JTi:-kgioac above the jet stream core, it was u~uallv found that mode,-ate

w:s Aqscciaed "with a large negative wind shear, a positive cu-va-

' ': nd arofilc an. a therniaIv stable atmospher', in rug'ons below
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the Jet stream core where the positive wind shear is strongly increasing with

height, the vertical wind shear gradient can counteract thermal stability and

cause turbulence below the core, Kuettnur
6 

attributee this to the existence A

of traveling gravitational waves in the jet stream, which will as. - r in a 7

region of instability.

CONC LUSIONS

From these atudiLs it c.Lms probable that turbulence wouic be found on

certain 6'.ctions of a vertical profile such as the 'Sissenwine Design Criteria

Profile' (Fig. 7). i0 Generally, turbulence would be expected to be obsered

in the regions where te hear begins to increase2 sharply with hetcht (.r!.nt A)

with an upper limit at B, below the core, and also "hove the core frown C to D

where there is a strong peative curvature of the wind profile. These turbtulent

layers would be in the order to 2000 to 5000 feet it. depth, dependent upon the

wind speed, wind shear, curvature of the wind profile and the 'hermal fi id.

Cllmitolcgy of detailed wind profiles collE cled by ihe methods described in

the two previous papers will undoubtedly take te, guessing out of the supposition

of this turbulence on these general profiles. In the muantimc, for design

purposes, some arbitrarm gust, say at least ±20 feet per second with a half

wave length of 100 feet, should be added to the critical design profile Lo arrive

at the bending moment responses If the vehicles must fly through most of the

winter situation let streams.
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